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ABSTRACT  Sarcoplasmic reticulum  (SR)  Ca release was studied at  13-16~  in 
cut fibers  (sarcomere  length,  3.4-3.9  I~m)  mounted  in  a  double Vaseline-gap 
chamber.  The  amplitude  and  duration  of the  action-potential stimulated free 
[Ca]  transient were  reduced by equilibration with end-pool solutions that con- 
tained 20 mM EGTA with 1.76 mM Ca and 0.63 mM phenol red, a maneuver that 
appeared to markedly reduce the amount of Ca complexed by troponin.  A theo- 
retical analysis shows  that,  under  these  conditions,  the increase in  myoplasmic 
free  [Ca] is expected to be restricted to within a few hundred nanometers of the 
SR Ca release sites and to have a  time course that essentially matches that of re- 
lease.  Furthermore, almost all of the Ca that is released from the SR is expected 
to be rapidly bound by EGTA and exchanged for protons with a  1:2 stoichiome- 
try.  Consequently, the time course of SR Ca release can be estimated by scaling 
the ApH signal measured with phenol red by -13/2. The value of 13, the buffering 
power of myoplasm, was determined in fibers equilibrated with a combination of 
EGTA, phenol red, and fura-2; its mean value was 22 mM/pH  unit. The Ca con- 
tent of the SR (expressed as myoplasmic concentration) was estimated from the 
total amount of Ca released by either a  train of action potentials or a  depleting 
voltage step; its mean value was 2,685 I~M in the action-potential experiments and 
2,544 IxM in the voltage-clamp experiments. An action potential released, on aver- 
age, 0.14 of the SR Ca content with a peak rate of release of,'~5 %/ms. A second 
action potential,  elicited 20  ms  later, released only 0.6  times as much  Ca  (ex- 
pressed as a  fraction of the SR content), probably because Ca inactivation of Ca 
release was produced by the first action potential.  During a depolarizing voltage 
step to 60 mV, the rate of Ca release rapidly increased to a peak value of~3  %/ms 
and then decreased to a quasi-steady level that was only 0.6 times as large; this de- 
crease was also probably due to Ca inactivation of Ca release. SR Ca release was 
studied with small step depolarizations that open no more than one SR Ca chan- 
nel in 7,000 and increase the value of spatially averaged myoplasmic free [Ca] by 
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only 0.9 nM. With such small depolarizations, SR Ca release is steeply voltage de- 
pendent, with a mean e-fold factor of 3.5 mV. Under these conditions, if the spa- 
tial distribution of open release sites is random, EGTA is expected to shield each 
open site from any significant increase in free [Ca] produced by Ca flux through 
a neighboring open site. Consequently, the open state of any particular site would 
not be expected to have been caused by Ca from another open site. For this rea- 
son, it seems unlikely that SR Ca release itselfmby Ca-induced Ca release, by the 
positive feedback model proposed by Pizarr6, Csernoch, Uribe, Rodrfguez, and 
Rios (1991.Journal of GeneralPhysiology.  97:913-947), or by some other mechanism 
mwas able to contribute to the steep voltage dependence of Ca release. Rather, it 
seems likely that the steep voltage dependence of Ca release directly reflects the 
activity of the voltage sensor in the membranes of the transverse tubular system 
that regulates a single release site. Such a site might consist of a single SR Ca chan- 
nel or a collection of channels that function as a singly gated unit (for example, a 
single voltage-gated channel and neighboring channel[s] that are slaved to it). 
INTRODUCTION 
In studies on excitation-contraction coupling in intact and cut skeletal muscle fi- 
bers,  activation is usually produced by depolarization  of the  membranes  of the 
transverse tubular system by either an action potential or a voltage-clamp depolar- 
ization. Soon after depolarization, Ca ions are released from the sarcoplasmic retic- 
ulum  (SR) into the myoplasm where the concentration of free Ca increases. This 
causes Ca to bind to the various intrinsic Ca buffers, such as the Ca-regulatory sites 
on troponin that are responsible for the activation of contraction.  In addition, Ca 
may also influence the release process itself. Under certain conditions, an increase 
in myoplasmic free  [Ca]  can acdvate the release of additional Ca from the SR, a 
positive feedback process known  as  Ca-induced  Ca  release  (Endo,  Tanaka,  and 
Ebashi, 1968; Ford and Podolsky, 1968; Fabiato, 1984). An increase in [Ca] can also 
reduce the ability of the SR to release additional Ca  (Baylor, Chandler, and Mar- 
shall,  1983; Simon,  Schneider, and Szfics,  1985; Baylor and  Hollingworth,  1988; 
Schneider and Simon,  1988; Simon, Klein, and Schneider,  1991).  In this article, 
this negative feedback process is called Ca inactivation of Ca release. 
The  experiments  described in  this  article were  carried out with  two  goals  in 
mind. The first was to reduce the increase in myoplasmic free [Ca] that occurs dur- 
ing stimulation and to limit it spatially to distances close to the SR Ca release sites. 
This should reduce the ability of Ca to regulate release and thereby should facili- 
tate the study of voltage-dependent regulation. The second goal was to develop a 
method to measure SR Ca release under these conditions. Both goals can be achieved 
with a large concentration of an extrinsic myoplasmic Ca buffer and an optical sig- 
nal that monitors the concentration of complexed Ca. The first studies of this type 
were  carried out by Rakowski,  Best,  and James-Kracke  (1985)  with  arsenazo III. 
Subsequent studies have been carried out by Baylor and Hollingworth (1988) with 
fura-2  (Grynkiewicz, Poenie, and Tsien,  1985), by Jacquemond,  Csernoch, Klein, 
and  Schneider  (1991)  with  a  combination  of  fura-2  and  1,2-b/s-[0-aminophe- 
noxy]ethane-N,N,N',N'-tetraacetic acid  (BAPTA)  (Tsien, 1980), and by Csernoch, 
Jacquemond, and Schneider (1993) with a combination of fura-2 and derivatives of PAPE ET AL.  Ca Release in Cut Fibers Equilibrated  with EGTA  261 
BAPTA with different Ca affinities. The approach that we eventually adopted was to 
use a large concentration of ethyleneglycol-bis-([$oaminoethyl ether)-N,N'-tetraace- 
tic acid  (EGTA) for the  Ca buffer and phenol red to measure the change in pH 
that occurs when EGTA binds Ca and releases protons. 
The EGTA-phenol red method, as well as many other methods that use a  large 
concentration of Ca buffer, offer several advantages for the estimation of SR Ca re- 
lease. One is that the attenuation of the free [Ca] transient reduces mechanical ac- 
tivation and the associated optical movement artifacts. A second advantage is that 
the estimate of SR Ca release is direct and independent of the properties of the var- 
ious intrinsic myoplasmic Ca buffers. In most of the methods first used to estimate 
SR Ca release  (Baylor et al., 1983; Melzer, Rfos, and Schneider,  1984,  1987; Klein, 
Simon, and Schneider,  1990), free  [Ca]  transients were used to calculate the con- 
centration of Ca that was expected to have been bound by the intrinsic myoplasmic 
Ca buffers. The total amount of myoplasmic [Ca], free and bound, was then taken 
as an estimate of the amount of Ca released from the SR. A third advantage of the 
EGTA-phenol red  method is that it is extremely sensitive. As a  result,  very small 
rates of SR Ca release  can be measured under  conditions  in which  EGTA is ex- 
pected to shield each open release site from any significant increase in free  [Ca] 
produced by Ca flux through neighboring open sites. 
This article describes some of the properties of Ca signals, including the voltage 
dependence associated with very small rates of SR Ca release, in fibers equilibrated 
with solutions that contain 20 mM EGTA and 1.76 mM Ca. As far as we can tell, the 
presence of EGTA appears to have had relatively litde effect on the function of SR 
Ca channels and their gating by the voltage sensors in the membranes of the trans- 
verse tubular system. The principle modulatory effect of EGTA appears to be a re- 
duction in Ca inactivation of Ca release, as described in the following article (Jong, 
Pape, Baylor, and Chandler, 1995). Many of the theoretical properties of the EGTA- 
phenol red method are described in Appendix A. The amplitude and time course 
of the  expected  changes  in  myoplasmic free  [Ca]  near  SR Ca channels  are  de- 
scribed in Appendices B-D.  Although the numerical examples in these appendices 
apply specifically to our experiments on frog cut muscle fibers, many of the ideas 
and equations may be applicable to other cells that contain Ca channels in either 
their internal or external membranes. 
Preliminary reports of some of these results have appeared (Chandler, Jong, and 
Pape, 1992,  1994;  Chandler,  Hirota, Jong, and Pape, 1993;  Pape, Jong, and Chan- 
dler, 1994). 
MATERIALS  AND  METHODS 
The experiments were carried out at 13-16~  on frog cut twitch fibers (Hille and Campbell, 1976) 
isolated from Rana temporar/a  that were adapted to 5~  A fiber segment was mounted in a double 
Vaseline-gap chamber, similar to the one used by Kov~cs,  Kfos, and Schneider (1983), at a sarco- 
mere length of 3.4-3.9  v,m. Soon after mounting, the surface membranes in the end pools were 
made permeable to small molecules and ions by a 2-min exposure to 0.01% saponin in a K-glu- 
tainate solution (action-potential  experiments) or a Cs-glutamate solution  (voltage-clamp experi- 
ments) that contained 20 mM EGTA plus 1.76 mM Ca. The end pools were then rinsed thor- 
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Ringer's solution (action-potential experiments) or a tetraethylammonium  (TEA)-gluconate solu- 
tion (voltage-clamp experiments). The composition of the solutions is given below. 
The chamber was then transferred to the experimental apparatus where electrical connections 
were made to the solutions in the two end pools and in the central pool, One of the end pools, de- 
noted by 1, was used to measure potential and the other end pool, denoted by 2, was used to inject 
current.  The  central pool was maintained  at earth  potential.  The potential  in end pool  1 was 
maintained at -90 mV by passing a small holding current into end pool 2. Additional experimen- 
tal details are given in Irving, Maylie, Sizto, and Chandler  (1987)  and Maylie, Irving, Sizto, and 
Chandler (1987b). 
During the course of an experiment, for periods of time as long as 4 h, eight signals were moni- 
tored: six optical signals ( O1 ....  06, corresponding to three wavelengths, each at two planes of lin- 
ear polarization) and two electrical signals ( Vb the voltage in the voltage-measuring end pool, and 
I2, the current injected into the current-passing end pool and collected in the central pool).  Each 
signal was amplified and filtered by a 0.6-10 kHz eight-pole Bessel filter. The output from each fil- 
ter was connected  to a  programmable  multiplexer and was sampled by a  sixteen bit A/D con- 
verter. Linear interpolation was used with active signals so that a single set of sample times would 
apply to the data from each of the eight signals. 
Composition  of  Internal and External Solutions 
The K-glutamate solution that was used in the end pools in the action-potential experiments (ex- 
cept for the one in Fig. 1 A) contained 45 mM K-glutamate, 20 mM EGTA as a combination of K 
and Ca salts, 6.8 mM MgSO4, 5.5 mM NarATP,  20 mM Krcreatine phosphate,  5  mM K3-phos- 
pho(enol)pyruvate, and 5 mM 3-[N-morpholino]-propanesulfonic acid (MOPS). The concentra- 
tions of Ca-complexed and Ca-free EGTA were 1.76 and 18.24 mM, respectively. The pH was ad- 
justed to 7.0 by the addition of KOH; at this pH, the calculated concentrations of free Ca and free 
Mg were 0.036 pLM and 1 mM, respectively. 
The Cs-glutarnate solution that was used in the end pools in the voltage-clamp experiments was 
similar to the K-glutamate solution except that Na and K ions were replaced with Cs. This solution 
was made by passage of a solution that contained the Na salts of ATP, creatine phosphate,  and 
phospho(enol)pyruvate  through a Cs-loaded ion exchange column (AG 50W-X8 resin, mesh size 
100-200, from BIO-RAD, Richmond, CA). The concentration of Na, measured with a flame pho- 
tometer (model M400 from Coming Glassworks, Medfield, MA), was <1 mM. This solution was 
added to the other ingredients in which K was replaced with Cs. 
The composition of the Ringer's solution that was used in the central pool in the action-poten- 
tial experiments is given in Table I of Irving et al. (1987). 
The TEA-gluconate solution that was used in the central pool in the voltage-clamp experiments 
contained 110 mM TEA-gluconate, 10 mM MgSO4, 1 p~M tetrodotoxin (TTX), and 10 mM MOPS, 
pH 7.1; it was nominally Ca free. 
The EGTA and phenol red were obtained from Sigma Chemical Co. (St. Louis, MO) and Flow 
Laboratories (Rockville, MD), respectively. 
Use of  EGTA and Phenol Red to Measure SR Ca Release 
Except for the experiment illustrated in Fig. 1 A, the results described in this article were obtained 
from fibers that had been equilibrated with 20 mM EGTA and 1.76 mM Ca.  At the values of myo- 
plasmic pH encountered in our experiments, almost all of the EGTA, whether it is Ca-free or Ca- 
bound,  is divalent (Appendix A). Hence, the net reaction between Ca and EGTA can be repre- 
sented by the scheme, 
Ca  2+ +  H2EGTA  2-  ~--- CaEGTA  2- +  2H + .  (A1) PAPE ET AL,  Ca Release in Cut Fibers Equilibrated  with EGTA  263 
According to this scheme, two protons are released from H~EGTA  ~- for each Ca that is bound. If 
the buffering power of myoplasm, [3, is known, the change in [CaEGTA], denoted by A[CaEGTA], 
can be calculated from the change in myoplasmic pH, ApH, with the equation, 
A [CaEGTA]  =  -  ([3/2) ApH.  (A7) 
Additional information about the reaction between Ca and EGTA is presented in Appendix A. 
For example, in the absence of intrinsic myoplasmic Ca buffers such as troponin and parvalbu- 
min, EGTA is expected to complex almost all (>99.9%)  of the Ca released from the SR and to do 
so rapidly (within <0.1 ms).  For the reasons given in the Discussion, even with troponin and par- 
valbumin present, it seems likely that almost all (,-96%)  of the Ca released by an action potential 
is complexed by EGTA. During SR Ca release, the changes in myoplasmic free [Ca] are most pro- 
nounced  near the release sites.  The spatial spread  of these changes  and  the rapid speed with 
which they occur are described in Appendices B-D. 
Estimation of Myoplasmic pH with Phenol Red 
The value of myoplasmic pH at the optical recording site was estimated from the absorbance of 
phenol red.  For this purpose, a 50-p~m diam spot of quasi-white light was focused on the middle of 
the fiber in the central-pool region. The transmitted light was split into three beams of different 
wavelengths (h), selected with 30 nm bandpass filters: 480 nm, the isosbestic wavelength of phenol 
red; 570 nm, a wavelength at which phenol red absorbance is sensitive to pH; and 690 nm, a wave- 
length not absorbed by phenol red.  At the beginning of each experiment, with the K-glutamate 
or Cs-glutamate solution in the end pools, intensities were measured with the fiber in the field of 
view (to give the intensity of transmitted light,/t[h]) and with the fiber removed (to give the inten- 
sity of incident light,/i[h] ). The apparent intrinsic absorbance of the fiber at each wavelength was 
calculated from the formula lOgl0 [/i(k)/lt(h)]. After this measurement was completed, the solu- 
tion in the end-pools was exchanged for one that had the same ionic composition plus 0.63 mM 
phenol red. After the indicator had diffused into the optical recording site and reached a concen- 
tration of at least 0.15 mM, the apparent absorbance of the fiber was determined at the same wave- 
lengths used previously. The values of absorbance, A(k), were corrected for the values of intrinsic 
ahsorbance and for small drifts in the intensity of the light source to give the indicator-related ab- 
sorhance, A~na(h), as described on pages 44-45 of Maylie et al. (1987b). 
The concentration of indicator at the optical site was estimated from A~d(480).  For this pur- 
pose, the value of the molar extinction coefficient of phenol red at 480 nm, e(480), was taken to 
be 1.1  ￿  104 M-acm  -1 (Lisman and Strong, 1979). For protonated and nonprotonated indicator, 
a small correction was applied to the value of 8(480)  to allow for the slight difference between the 
wavelength of light passed by the 480-nm filter and the exact isosbestic wavelength of phenol red 
in a calibration solution. Additional information about the determination of Aina  (h) and indicator 
concentration is given in Irving et al. (1987)  and Maylie et al. (1987b). All measurements of opti- 
cal absorbance  are expressed as 1:2 averages of the absorbance of light linearly polarized along 
the fiber axis and perpendicular to the fiber axis, as described in Irving et al. (1987). 
The value of the fractional amount of phenol red in the nonprotonated form, f, can be esti- 
mated from 
--  rmi  n 
f  -  rmax  --  ~rmin  (1) 
in which r =  Aina(570)/Aind(480)  (Irving, Maylie, Sizto, and Chandler, 1989). The value ofr~  was 
3.2 or 3.9, depending on which 480 nm filter was used, and that of rmin was 0.03--0.04,  which is ,'~0. 
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acfly the same as the isosbestic wavelength of phenol red, the equation was modified slightly to 
make use of the two values of e(480)  that were measured with protonated and nonprotonated in- 
dicator; these two values were similar but not exactly the same. The value of pH was then calcu- 
lated from the value off  with the usual expression, 
pH  =  pK+log(Tff_f)  ,  (2) 
with a value of 7.7 for pK (Lisman and Strong, 1979). 
After stimulation, Ca is released from the SR and is complexed by H2EGTA. Protons then disso- 
ciate from CaH2EGTA and the value of myoplasmic pH is decreased. Phenol red is expected to 
track this change in pH rapidly because, in temperature~ump  experiments at pH 7.4 and 25~ 
the delay between a change in pH and a change in optical absorbance was found to be <10 p~s 
(Fig. 4.11A in Hammes, 1974), Myoplasmic ApH signals were estimated from changes in fiber ab- 
sorbance recorded simultaneously at 480, 570, and 690 nm. The procedure described on pages 
44--45  and in Fig. 4 in Maylie et al. (1987b)  was used to scale the intrinsic 690 nm signal for sub- 
traction from the raw 570 nm signal to give the indicator-related 570-nm signal. Before the intrin- 
sic correction was done, the noise in the slowly changing AA(690) signal was reduced by use of a 
0.05 kHz digital Gaussian filter (Colquhoun and Sigworth, 1983). 
Changes in f, denoted by A  f, were estimated from changes in r, denoted by Ar =  AAi,d(570)/ 
Aind(480),  and the differential form of Eq. 1, 
Ar 
Af =  rmax _  rmin  (3) 
Similar to the situation with Eq. 1, Eq. 3 was modified slightly to allow for the fact that the wave- 
length of light passed by the 480 nm filter was not exactly the same as the isosbestic wavelength of 
phenol red. 
If the resting values of pH and fat the optical site are denoted by pHR and fR, respectively, pH = 
pHR +  ApH and f  = fR +  Af.  Substitution of these values of pH and finto Eq. 2 followed by sub- 
traction of the resting values gives, 
ApH=  ,og(~]-log(1  --~fR_~R'Af  )  ￿9  (4) 
In the experiments described in this article, the ApH signal was filtered with a digital Gaussian fil- 
ter (Colquhoun and Sigworth, 1983)  to improve the signal-to-noise. The filter frequency was usu- 
ally 0.5 kHz for an action-potential experiment and 0.15 kHz for a voltage-clamp experiment. 
In Results, evidence is presented that about two-thirds of the phenol red inside a  cut fiber is 
bound to myoplasmic constituents or sequestered inside intraceUular compartments.  Baylor and 
Hollingworth (1990)  have studied the effects of this binding in intact fibers and have shown that 
the estimates of pHR may be in error because the binding can alter the apparent pK of the indica- 
tor. Pape (1990) found that the phenol red estimates ofpHR were too small by 0.1-0.4 pH units in 
cut fibers studied under conditions similar to those used here, except that only 0.1 mM EGTA was 
used in the end-pool solutions in his experiments. The last section in Appendix A discusses some 
of the consequences of an error in the estimate of pHR. The main consequence is the introduc- 
tion of an error into the estimate of [Ca]a. 
Although the estimates ofpHR may be unreliable, Eq. 4 shows that the estimate of ApH is inde- 
pendent of both the value of pHR and that of the pK of phenol red, which may be different in myo- 
plasm than in a calibration solution (Irving et al., 1989). A reliable estimate of ApH requires only 
that (a) phenol red behave as a homogeneous population of indicator, so that there is some value 
ofpK that satisfies the relation between pH and fgiven by Eq. 2, and  (b)  the values of A(570)/ 
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mates of pHR may be subject to a small error (preceding paragraph), the estimates of ApH are ex- 
pected to be reliable. Additional support for the reliability of the phenol red ApH signal is pro- 
vided by the experiments of Baylor and Hollingworth (1990)  and Pape (1990). 
In any event, because the same phenol red calibration was used to estimate ApH during periods 
of SR Ca release and to estimate the value of 13, any errors in the calibration are cancelled by the 
use  of Eq. AT. As a result, the determination of A[CaEGTA] from the value of ApH depends 
mainly on the calibration of the A[Cafura-2] signals that were used for the determination of 13 
rather than on the calibration of the phenol red absorbance signals. 
Statistical Tests of Significance 
Student's two-tailed t test was sometimes used to determine the statistical significance of the differ- 
ence between two sets of results. The difference was considered to be significant if P <  0.05. 
In Fig. 7, the data ~, 3 were least-squares fitted by the function 
Y  =  (y) + b(X -  (x)).  (5) 
represents the independent wariable (time or pHR) and 3 represents the dependent variable (~). 
(x) and (y) represent the mean values of x~ and 3, respectively. The slope of the straight line is 
given by b. 
In these fits, Student's two-tailed t test was used to determine whether the value of b was signifi- 
candy different from 0. For this purpose, the residual variance of y, denoted by war(y), for n values 
of 3~ was estimated from 
X(y  i  -  y)~ 
var(y)  =  (n-2)  (6) 
The variance of b, war(b), was calculated from 
var(y) 
var(b)  X(xi _  <x>) 2  (7) 
(Eq. 12.4.2 in Colquhoun, 1971).  The value of bwas considered to be significantly different from 
zero if the value of P determined with Student's two-tailed t test was <0.05. For this test, the value 
of twas set equal to b/4 war(b). 
RESULTS 
The Concentration of  EGTA at the Optical Recording Site Is Expected to Equilibrate 
with That in the End-Pool Solutions within I  h 
In the experiments reported in this article (except for those used for Fig. 1 and Ta- 
ble I), the EGTA-phenol red method  was used to estimate SR Ca release. For this 
estimate to be reliable, a large concentration of EGTA must be present at the opti- 
cal recording site, several millimolar more  than  the  amount  of Ca released from 
the SR (see, for example, Eq, AS). It is therefore important to estimate the time re- 
quired for EGTA to diffuse from  the  end-pool solutions to the  optical recording 
site in the middle of the fiber in the central-pool region. Although the diffusion co- 
efficient of EGTA has not been measured inside a  muscle fiber, a  1-h equilibration 
time is expected to be adequate for its free concentration at the optical recording 
site to reach a value nearly equal to that in the end-pool solutions. 
This expectation follows from the reasonable assumption that the diffusion coef- 
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that is slightly less than that of sucrose, which has a molecular weight of 342. Kush- 
merick and Podolsky (1969)  estimated the diffusion coefficient of sucrose in frog 
skinned muscle fibers to be 2.1  ￿  10 -6 cm2/s at 20~  at 13--16~  the temperature 
used in our experiments, the value would be expected to be about 1.8 x  10 -6 cm2/s. 
If the diffusion coefficient of EGTA is taken to be slightly less than that of sucrose, 
for example 1.7 ￿  10 -6 cm~/s at 13-16~  the mathematical solution of the diffu- 
sion equation indicates that, in the absence of binding or sequestration, the equili- 
bration of EGTA at the optical recording site should be 99% complete within 1 h. 
If myoplasmic binding or sequestration of EGTA occurs, as has been observed 
with the Ca indicators arsenazo III and antipyrylazo III (Maylie, Irving, Sizto, and 
Chandler, 1987b, c), the apparent diffusion coefficient for EGTA would be <1.7  ￿ 
10 -6 cm~/s and the extent of equilibration after 1 h would be <99%. For example, 
if the  apparent diffusion coefficient of EGTA were  0.5  ￿  1.7  ￿  10 -6  cm2/s,  as 
would be expected if the concentration of bound or sequestered EGTA were ex- 
actly equal to that of freely diffusible EGTA, the extent of equilibration after 1 h 
would be 90%.  In this case, the concentrations of freely diffusible EGTA and of 
bound or sequestered EGTA would each be 90% of that in the end-pool solutions. 
Even if the bound or sequestered EGTA were unable to react with Ca, Eq. A5 shows 
that the concentration of freely diffusible EGTA should be more than adequate to 
capture almost all of the Ca that moves from the SR into the myoplasm after stimu- 
lation, at least in the absence of intrinsic myoplasmic Ca buffers such as troponin 
and parvalbumin. 
EGTA Reduces Both the Amplitude and Duration of the Myoplasmic Free [Ca] 
Transient Elicited by an Action Potential 
The top trace in Fig. 1 A shows an action potential in a fiber that had been equili- 
brated for 80 rain with a solution that contained 0.1 mM EGTA. This concentration 
of EGTA is usually used in cut fiber experiments and is not expected to alter the 
free [Ca] transient to any significant extent. The bottom trace shows the accompa- 
nying change in spatially averaged free [Ca]. In the Results and Appendix A, this is 
denoted by A[Ca]  (whereas in Appendices B-D, A[Ca]  refers to local increases in 
free [Ca] that occur near SR Ca release sites). The A[Ca] signal was measured with 
the low affinity Ca indicator purpurate-3,3' diacetic acid (PDAA), which is expected 
to provide a  reliable estimate of both the time course and amplitude of the free 
[Ca] transient (Hirota, Chandler, Southwick, and Waggoner, 1989; Konishi, Holling- 
worth, Harkins, and Baylor, 1991). The A[Ca]  signal in Fig. 1 A is typical of those 
obtained previously in cut fibers with PDAA (Hirota et al., 1989; Pape,Jong, Chand- 
ler, and Baylor, 1993). Its time to half-peak (after that of the action potential) is 2.6 
ms, its peak amplitude is 14.3 ~M (with respect to the prestimulus baseline), and its 
half-width is 7.8 ms. 
Fig.  1 B shows a  similar set of traces from another fiber that had been equili- 
brated for 67 min with an internal solution that contained 20 mM EGTA and 1.76 
mM Ca. According to the arguments presented in the preceding section, the con- 
centration of free EGTA at the optical site is expected to have been similar to that 
in the end-pool solutions,  18.24 mM. The composition of the internal solution is 
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that phenol red was omitted. The reason for the omission is that the absorbance 
spectrum of PDAA overlaps that of phenol red, with the result that neither the 
PDAA A[Ca] signal nor the phenol red ApH signal can be measured if both indica- 
tors are present.  The PDAA A[Ca] signal has a time to half-peak of 1.56 ms, a peak 
amplitude of 4.13 I~M, and a half-width of 2.30 ms. Five other measurements of the 
A[Ca]  signal were  made in this fiber and the  mean values from all six measure- 
ments were 1.64 ms for the time to half-peak, 4.38 ~M for the peak amplitude, and 
2.15 ms for the half-width. The amplitude and time course of the A[Ca] signal are 
similar to those observed in the presence of 0.5-1 mM fura-2 (Baylor and Holling- 
worth, 1988; Pape et al., 1993). 
A[Ca]  signals were measured with PDAA in a  total of four fibers. The measure- 
ments were made 62-103 min after saponin treatment, similar to the equilibration 
time that was used in the fibers studied with EGTA-phenol red. Columns 2--4 in Ta- 
A  B 
? 




-  A[Ca] 
I  I  I  I 
0  (ms)  10  0  (ms)  10 
FIGURE 1.  Effect of equilibration  with 20 mM EGTA on the PDAA A[Ca] signal elicited by an ac- 
tion potential. (A) The fiber had been equilibrated with a K-glutamate solution that contained only 
0.1 mM EGTA.  The top trace shows the action potential and the bottom trace shows the A[Ca] sig- 
nal estimated from the change in PDAA absorbance at 570 nm, as described in Hirota et al. (1989). 
Fiber reference, 323921; time after saponin treatment, 80 min; sarcomere length, 4.0 I~m;  fiber di- 
ameter, 94 v.m; holding current, -27 nA; action potential amplitude, 135 mV; PDAA concentration 
at the optical site, 2.80 mM. From the experiment illustrated in Fig. 8 A in Pape et al. (1993), which 
should be consulted for additional information. (B) A similar set of traces from a fiber equilibrated 
with the K-glutamate solution that contained 20 mM EGTA plus 1.76 mM Ca and ~3 mM PDAA. Fi- 
ber reference, 519921; time after saponin treatment, 67 min; sarcomere length, 3.9 pan; fiber diam- 
eter, 71 ~m; holding current, -61 nA; action potential amplitude, 132 mV; PDAA concentration at 
the optical site, 2.83 mM. Ringer's solution at 14~  was used in the central pool in both experiments; 
the interval of time between data points was 0.24 ms in A and 0.12 ms in B.  In this and subsequent 
figures, 0 ms on the time axis corresponds to the start of the stimulus. 268 
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TABLE I 
PDAA Ca Transients  after a Single Action Potential 
in Fibers Equilibrated  with 20 mM EGTA 
(2)  (3)  (4) 
ACCa] 
Time to half-peak  Peak  Haft-width 
ms  ~M  ms 
515922  1.76  5.20  2.14 
518921  1.79  1.84  2.74 
519921  1.64  4.38  2.15 
522921  1.69  1.95  2.94 
Mean  1.72  3.34  2.49 
SEM  0.03  0.85  0.20 
Column 1 gives the fiber reference. Columns 2--4 give the times to half-peak (after that 
of the action potential), the peak values,  and the half-widths  of the A[Ca]  signal esti- 
mated with PDAA. Each value represents the mean value obtained from 4-7 runs. Time 
after saponin treatment, 62-103 min; sarcomere length, 3.4-3.9  ~m; fiber diameter 69- 
133 ~m; holding current, -32 to -65 nA; action potential amplitude, 131-137  mV; ac- 
tion potential half-width,  1.7-2.1  ms; temperature, 14~  concentration of PDAA at the 
optical site,  2.616-3.171  mM. Ringer's solution was used in the central pool; the K-glu- 
tamate solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used 
in the end pools. 
ble I give the results. On average, the A[Ca] signals had a time to half-peak of 1.72 
ms, a peak amplitude of 3.34 p.M, and a half-width of 2.49 ms. For comparison, in 
eight fibers in which the A[Ca]  signal had not been  attenuated by a  large con- 
centration of EGTA, similar to the experiment illustrated in Fig. 1 A, the mean am- 
plitude and half-width of the signal measured with PDAA were 21  p~M and 7 ms, 
respectively, and the time to half-peak was 2.4 ms (Hirota et al., 1989). Thus, equil- 
ibration with 20 mM EGTA reduces the time to half-peak, the amplitude, and the 
duration of the A[Ca] signal elicited by an action potential. 
After the transient increase in the A [Ca] signal in Fig. 1 B, the signal undershot 
the baseline and appeared to reach a final level of ~-  1 ~M. This undershoot was a 
consistent finding in our experiments with PDAA and EGTA and is reminiscent of 
the  undershoot  observed  with  tetramethylpurpurate  (Maylie,  Irving,  Sizto,  Bo- 
yarski, and Chandler, 1987a)  and with PDAA in the presence of millimolar concen- 
trations of fura-2 (Jong, Pape, Chandler, and Baylor, 1993). Although the origin of 
this undershoot is unknown, it seems unlikely that it represents a genuine negative 
value of myoplasmic A [Ca]. Its presence, however, introduces an uncertainty into 
the estimate of the peak amplitude of the A [Ca] signal, with a maximal uncertainty 
of ~1 p~M or 25%. 
The Time Course of the A [Ca] Signal Elicited by an Action Potential in a Fiber 
Equilibrated with 20 mM EGTA Is Expected to Be Similar to That of SR Ca Release 
The purpose of this section is to give a qualitative description of Ca complexation 
by EGTA during the A[Ca] signal in Fig. 1 B. Appendix A shows that, in the pres- PAPE ET An.  Ca Release in Cut Fibers Equilibrated  with EGTA  269 
ence of 20 mM EGTA and in the absence of intrinsic myoplasmic Ca buffers, al- 
most all (>99.9%) of the Ca that is released from the SR, denoted by A [CAT], is ex- 
pected to be captured by EGTA (Eq. AS). Evidence is presented below, in connec- 
tion with Fig. 11 and Table III, that a similar conclusion is expected to hold with 
troponin and parvalbumin present at normal myoplasmic concentrations. In this 
case, EGTA is expected to capture about 96% of the Ca released by an action po- 
tential. 
The capture of Ca by EGTA is expected to be rapid, with a rate constant that is 
equal to kl([EGTA]  +  [Ca]R)  +  k-1 -- kl[EGTA] ~  kl[EGTA]R (Eq. A4 and subse- 
quent discussion in Appendix A).  kl and k-x are the association and dissociation 
rate constants, respectively, for the reaction between Ca and EGTA, and [Ca]R  and 
[EGTA]R are the resting values of free [Ca] and [EGTA]. The mean time required 
for EGTA at its resting concentration to bind Ca is (kl [EGTA]R) -1, denoted by "rc~. 
The value of "rc~ is expected to be independent of pH because, in stopped-flow ex- 
periments, the value of hi is independent of pH between pH 5.8 and 7.3  (Smith, 
Liesegang, Berger, Czerlinski, and Podolsky, 1984).  Under the conditions of our 
experiments, the value of 7c~ is estimated to be 22 ~s. Although this estimate may 
be subject to some unertainty, as discussed in Appendix A, it seems highly unlikely 
that the true value of ~'c~ is more than two or three times 22 Ixs. Consequently, it 
seems safe to conclude that EGTA is expected to capture the Ca released from the 
SR in <0.1 ms. 
Appendix A shows that the value of myoplasmic free [Ca] is expected to be equal 
to the sum of two terms, 
[CaEGTA]  )-1 
[Ca]  ~--  KDapp  [EGTA]  +  (kl [EGTA]  " (d [CaEGTA]/dt),  (A8) 
in which Koapp represents  the apparent dissociation constant of the reaction be- 
tween Ca and EGTA. The first term is equal to the equilibrium value of [Ca] associ- 
ated with the value of [CaEGTA] / [EGTA]. The second term is proportional to the 
rate of SR Ca release,  d[CaT]/dt,  because d[CaT]/dt  -~ d[CaEGTA]/dt.  When sev- 
eral hundred micromolar Ca is released rapidly from the SR, such as occurs after 
an action potential, the second term increases much more than the first term dur- 
ing the period of release. In this case, the change in myoplasmic free [Ca], A[Ca], 
is approximately given by, 
A [Ca]  -  (k  1 [EGTA] )-1  .  (dA[CaEGTA]/dt).  (A10) 
Because  [EGTA]  ~  [EGTA]R in our experiments, the proportionality constant is 
approximately equal to ~'ca. Fig. 8 A  (below)  shows an example of a  A[Ca]  signal 
that is approximately proportional to the rate of SR Ca release. 
The Spatial Variation of  Free [Ca] in the Myoplasm near Release Sites 
in the Presence of 20 mM EGTA 
In the description of Ca complexation by EGTA that is presented in Appendix A, 
spatial variations in the concentrations of Ca, EGTA, and CaEGTA were neglected. 270  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  106  ￿9  1995 
Appendices B-D, however, show that such variations are expected to occur. The 
purpose of this section is to describe some of their properties and to show how lo- 
cal changes in [Ca] are expected to contribute to a spatially averaged A [Ca] signal 
such as the one shown in Fig. 1 B. 
One of the properties of the A [Ca] signals that are described in Appendices B--D 
is that EGTA restricts the increase of free [Ca] to within a few hundred nanometers 
of the release sites. This is illustrated in Figs. 15, A and B, and 17 A. Another prop- 
erty is that changes in  [CaEGTA]  and  [EGTA]  also occur near the sites, as illus- 
trated in Fig.  15 B  (A[EGTA]  =  -A[CaEGTA] ). Although these changes extend 
further from the release sites than do the changes in [Ca], their magnitude is small 
compared with the value of [EGTA]R (Fig. 15 B) so that, to a good approximation, 
the value of [EGTA] may be taken to be [EGTA]R (as is done in Appendices C and 
D). Another property of the A [Ca] signals is that the amplitude of any local change 
in free [Ca] is directly proportional to the rate of SR Ca release. This holds through- 
out Appendices B-D (see, for example, Eqs. B21 and DT). The last important prop- 
erty of the A[Ca] signals is that, if the rate of Ca release is changed, A[Ca] changes 
within 0.1 ms. This is illustrated for a single channel in Fig. 16, Cand D, and, from 
the principle of superposition, is expected to apply to the case of many channels. 
Thus, within the temporal accuracy of our estimates of SR Ca release, the changes 
in local [Ca] may be considered to occur instantaneously. 
These properties of local A[Ca] signals can be used to understand the changes in 
free [Ca] that are expected to have occurred inside the fiber in the experiment il- 
lustrated in Fig. 1 B.  Soon after the action potential, a brief period of SR Ca release 
began. Throughout the sarcomere, the value of free A[Ca]  increased with essen- 
tially the same time course as Ca release. This increase was large near the release 
sites and progressively decreased to nearly zero at distances more than a few hun- 
dred nanometers from the sites. Since, at any particular location within the sarco- 
mere, the amplitude of A[Ca]  was directly proportional to the rate of SR Ca re- 
lease, it follows that the amplitude of the spatially averaged A [Ca] signal was also di- 
rectly proportional to the rate of SR Ca release. 
The local A[Ca] signals just described should be added to the value of [Ca] that 
existed a few hundred nanometers from the release sites. Under resting conditions, 
this value is given by [Ca] R =  K-Dapp [CaEGTA] R/[EGTA] R. During release, the value 
of [CaEGTA] increases,  [EGTA] decreases, and the equilibrium value of [Ca]  in- 
creases according to KDapp  [CaEGTA]/[EGTA]. During this period, small gradients 
in [CaEGTA] and [EGTA] are established near the release sites so that the value of 
[CaEGTA]/[EGTA] a few hundred nanometers from the release sites may be slightly 
different from the ratio of the spatially averaged values of [CaEGTA] and [EGTA]. 
The time t required for these gradients to dissipate should be roughly equal to the 
time required for CaEGTA and EGTA to diffuse along half a myofibril. This time 
can be estimated from the Einstein relation,  t --  /~/(2DEGTA); with DEGTA =  1.7  ￿ 
10 -6 cm2/s and l =  1.8 p~m (a typical value of half the sarcomere length in our ex- 
periments), t -- 10 ms. Thus, the value of [Ca] a few hundred nanometers from the 
release sites is expected to follow the value of Koapp[CaEGTA]/[EGTA] calculated 
from the spatially averaged values of [CaEGTA] and  [EGTA] with a delay of about 
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In Fig. 1 B, when Ca release was over, the local A[Ca] signals are expected to have 
decreased to zero almost immediately, within <0.1 ms. The gradients in [CaEGTA] 
and  [EGTA]  are  expected to  have  lasted  longer,  for ~10  ms  (preceding para- 
graph). After this time, the concentrations of CaEGTA and EGTA are expected to 
be homogeneous throughout the fiber with  [CaEGTA]  ~  [CaEGTA]~ +  A[CaT], 
[EGTA]  ---  [EGTA]R -  A[CaT],  and  [Ca]  =  KDapp[CaEGTA]/[EGTA]. Unfortu- 
nately, in Fig. 1 B, this small increase in spatially averaged [Ca] is obscured by the 
undershoot in the PDAA A[Ca] signal. 
Approximately Two Thirds of the Phenol Red inside Myoplasm Is Bound or Sequestered 
In the rest of the experiments described in this article, phenol red was used in the 
end-pool solutions so  that  myoplasmic pH  could be  estimated.  In  these  experi- 
ments, the concentration of phenol red at the optical recording site was estimated 
from measurements of the indicator's absorbance. The plots of phenol red concen- 
tration against time  (not shown) were qualitatively similar to those observed with 
arsenazo III and other Ca indicators studied in this laboratory and could be well fit- 
ted by a  solution of the one-dimensional diffusion equation with the assumption 
that any myoplasmic binding or sequestration of indicator is linear, rapid, and re- 
versible (Eqs. 6 and 8 in Maylie et al., 1987b). IfD represents the true diffusion co- 
efficient of the indicator and R represents the ratio of bound to free indicator, the 
apparent diffusion coefficient of the indicator is given by D/(R +  1) and the frac- 
tion of indicator that appears to be bound or sequestered is given by R/(R + 1). 
The  time  course  of phenol  red  diffusion was  analyzed  in  six  fibers with  the 
K-glutamate solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol 
red in the end pools; Ringer's solution was used in the central pool. On average, 
D/(R +  1)  =  0.39 ￿  10 -6 cm2/s (SEM, 0.01  ￿  10 -6 cm2/s), R =  1.80 (SEM, 0.23), 
D  =  1.08 ￿  10  -6 cm2/s (SEM, 0.09  ￿  10 -6 cm2/s), and R/(R + 1)  =  0.627 (SEM, 
0.04).  In  19 experiments with the Cs-glutamate  solution with 20 mM EGTA plus 
1.76 mM Ca and 0.63 mM phenol red in the end pools, and the TEA-gluconate so- 
lution in the central pool, D/(R + 1)  =  0.40 ￿  -6 cm2/s (SEM, 0.01 ￿  10 -6 cm2/s), 
R =  2.11 (SEM, 0.13), D =  1.22 ￿  10  -6 cm2/s (SEM, 0.05 ￿  10 -6 cm2/s), and R/(R + 
1)  =  0.669 (SEM, 0.013). The values ofD/(R + 1), R, D, and R/(R + 1) that were 
obtained with the two solutions are not significantly different. 
The values ofD/(R +  1), 0.39 ￿  10 -6 and 0.40 ￿  10 -6 cm2/s, are similar to the 
mean value 0.37 ￿  10  -6 cm2/s obtained in intact fibers at 16~  by Baylor and Holling- 
worth  (1990). The mean values of R/(R +  1), 0.627 and 0.669, indicate that ap- 
proximately two  thirds  of the  phenol  red  inside  the  myoplasm  appears  to have 
been  bound  or sequestered.  As  mentioned  in  Methods,  although  such  binding 
might lead to an underestimate of the value of resting pH by 0.1-0.4 pH units, it is 
expected to have little effect on the estimate of changes in pH after stimulation. 
The Value of Resting pH Decreases during the Time Course of a Cut Fiber  Experiment 
Fig. 2 shows the value of resting myoplasmic pH, denoted by pHR, plotted as a func- 
tion of time after saponin treatment of the end-pool segments of a cut fiber.  In this 
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treatment.  The central  pool contained Ringer's solution and the end pools con- 
mined the K-glutamate solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM 
phenol red. 
In Fig. 2, an open circle denotes a measurement ofpHR that was made without an 
immediate  subsequent stimulation.  Open squares and diamonds denote measure- 
ments that were followed by one or two action potentials, respectively. Filled circles 
denote measurements  that were followed by a  train of 40 action potentials,  which 
produced a  pronounced  acidification,  to pH <6.8.  These two symbols, which are 
not easily discernible, are marked by the second and third tick marks. 
The first measurement of pHR, with 0.152 mM phenol red, gave a value of 7.090. 
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FIGURE 2.  Time course of myoplasmic  pH 
at  the  optical recording site  plotted  against 
time after saponin treatment of the fiber seg- 
ments in the end pools.  At 18 min, 0.63 mM 
phenol red was introduced into the end pools 
and allowed to diffuse into the fiber.  Different 
symbols denote different types of stimulation 
after the value of pH was measured: (open c/r- 
c/e) no stimulation;  (open square) one action 
potential;  (open d/amond)  two  action  poten- 
rials; (filled circle)  40 action potentials.  The four 
ticks indicate four stimulations  in which the 
time  course  of recovery was measured.  The 
first tick marks the point associated  with  the 
traces in Figs. 4,  8 A, and  11; the third  tick 
marks the point associated  with  the stimula- 
tion in Fig. 3 and the trace in Fig. 8 B. Fiber 
reference, 925911; sarcomere length, 3.4 ~m; temperature, 14~  Range of  values from beginning to 
end of experiment: fiber diameter, 103--102 txm; holding current, -34 nA to -43 hA; action poten- 
tial amplitude, 135-130 mV; concentration of phenol red at the optical site, 0.152-1.804  mM; esti- 
mated pHR and [Ca]R, 7.090-6.844  and 0.024-0.074  ~tM, respectively. Ringer's solution was used in 
the central pool; the K-glutamate solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol 
red was used in the end pools. 
was 6.844. Between 70 and 120 min, the recovery ofpH  after one, 40, 40, and one 
action potential(s)  was monitored by making measurements  every 0.25 or 0.5 min 
(cf. Fig. 3); these stimulations are marked by the four vertical ticks. The first action- 
potential stimulation was used for the traces in Figs. 4 and 8 A. The second 40 ac- 
tion-potential stimulation was used for the traces in Fig. 8 B and the time course of 
recovery in Fig. 3. 
The progressive decrease in pHR in Fig. 2 was observed in all of our experiments. 
A  similar decrease has been reported in cut fibers equilibrated with solutions that 
contained only 0.1 mM EGTA, in which pH was measured either with phenol red 
(Irving et al.,  1989; Pape,  1990)  or with dimethylcarboxyfluorescein  (Irving et al., 
1989).  Thus,  the decrease  does not appear  to be  related  to the  concentration  of PAPS ~w AL.  Ca Release in Cut Fibers Equilibrated with EGTA  273 
EGTA in the end-pool solutions or to the use of phenol red. It does appear to be re- 
lated to the use of cut fibers, however, since similar changes were not found in in- 
tact fibers studied with phenol red (Baylor and Hollingworth, 1990). 
Although the cause of the decrease in pHR in cut fibers is unknown, it is not ex- 
pected to interfere with the ability of EGTA-phenol red to measure SR Ca release 
and to do so rapidly (see Appendix A). Furthermore, it does not appear to directly 
affect the regulation of SR Ca release that is studied in this article (see below). 
The Value of  pHR Varies from Fiber to Fiber 
Table II tabulates results from 12 fibers that were studied with action-potential stim- 
ulation. The measurements were made at least 1 h  after saponin treatment of the 
end-pool segments of the fibers, when the fibers were first exposed to the internal 
solution. Column  1 gives fiber references, arranged in order of decreasing pHR. 
Column 2 gives the values of pHR; these range from 7.08  (top row)  to 6.69  (bottom 
row). Baylor and Hollingworth (1990) reported a somewhat larger variation in pHR, 
from 6.81 to 7.51, in intact fibers in which pHR was also estimated with phenol red. 
Their mean value was 7.17 (SEM, 0.08) with red-shifted calibration curves and 7.11 
with unshifted curves as used here. Our mean value, 6.90  (SEM, 0.03), is signifi- 
cantly smaller than either one of theirs, as might be expected from the decrease in 
pHR that occurs during the first 1-2 h in experiments with cut fibers (Fig. 2). As dis- 
cussed in Methods, estimates of pHR with phenol red may not be reliable and, in 
cut fibers studied under conditions similar to those used here, may be too small by 
0.1-0.4 pH units (Pape, 1990). 
Column 3 in Table II gives the values of [Ca]R. Here and elsewhere in this article, 
these were calculated from the first term on the right-hand side of Eq. A8 on the as- 
sumption that the values of [CaEGTA]R and  [EGTA]R at the optical site were the 
same as those in the end-pool solutions, 1.76 and 18.24 raM, respectively. The value 
of KDapp was determined from Eq. A9 with the values of pHR in column 2. The val- 
ues of [Ca]R increase with decreasing pHR, from 0.025  to 0.150  ~M;  their mean 
value is 0.066 t~M (SEM, 0.011 I~M). 
Klein,  Simon,  Sz6cs,  and  Schneider  (1988)  estimated  the value  of [Ca]R with 
fura-2  in  cut fibers  equilibrated with  end-pool solutions  that  contained  Cs  glu- 
tamate and only 0.1 mM EGTA.  They obtained mean values of 0.049 ~M  (SEM, 
0.008 ~M) and 0.101 ~M  (SEM, 0.018 ttM) after 60 and 90 min exposures, respec- 
tively, to internal  solution.  Our values of [Ca]R, which were  obtained  at similar 
times after exposure to the internal solution, are similar to theirs. This agreement 
may be fortuitous, however: in our experiments, the actual values of [Ca]R may be 
smaller than the estimated values because of a  possible 0.1-0.4 underestimate of 
pHR (see Methods) whereas, in their experiments, they may be larger, by as much 
as severalfold, because of an underestimate of the dissociation constant of Ca and 
fura-2 (Klein et al., 1988). 
It is difficult to assess whether the values of [Ca]R that we estimated in our cut fi- 
bers are similar to those measured in intact fibers, because estimates of [Ca]R in in- 
tact fibers vary widely according to the method of measurement, from <0.06 I~M 
with ion-selective electrodes (Coray, Fry, Hess, McGuigan, and Weingart, 1980) and 
aequorin  (Blatter and Blinks,  1991)  to values as large as 0.2-0.3 tzM with fura red 274  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 106  ￿9 1995 
TABLE II 




(2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10)  (11) 
d~ [CAT]  / dt  A [Ca] 
Time to  Half-  Time to  Haft- 
pH~  [Ca]a  A[CaT] [CasR]R half-peak  Peak  width  half-peak  Peak  width 
I~M  IzM  IzM  ms  IzM/ms  ms  ms  I-~M  ms 
415911  7.08  0.025  228  1391  2.88  45  4.67  2.84  1.02  4.88 
010911  6.98  0.039  299  1781  2.71  121  2.52  2.70  2.72  2.56 
420921  6.98  0.040  316  2145  2.11  109  2.87  2.11  2.45  2.88 
417921  6.96  0.044  309  2223  1.97  107  2.76  1.96  2.41  2.84 
923911  6.96  0.045  287  2252  2.84  116  2.35  2.83  2.61  2.40 
423911  6.95  0.046  370  2456  2.08  133  2.73  2.10  3.02  2.76 
425911  6.94  0.049  395  2535  1.72  142  2.92  1.71  3.21  2.96 
925911  6.91  0.054  366  2777  2.89  132  2.72  2.89  2.98  2.76 
406921  6.83  0.078  407  2810  1.62  178  2.25  1.62  4.05  2.30 
401921  6.78  0.099  455  3568  1.99  172  2.57  1.97  3.95  2.65 
402921  6.73  0.125  534  4367  1.89  226  2.28  1.89  5.23  2.33 
402922  6.69  0.150  539  3912  1.82  230  2.29  1.81  5.31  2.36 
Mean  6.90  0.066  375  2685  2.21  143  2.74  2.20  3.25  2.81 
SEM  0.03  0.011  28  252  0.14  15  0.19  0.14  0.35  0.20 
Column 1 gives the fiber references, arranged in order of decreasing pHR. Column 2 
gives the values of pHR estimated from Eqs. 1 and 2. Column 3 gives the values of myo- 
plasmic free [Ca]~t  estimated from the values of pHR in column 2 with Eqs. A8 (first term 
on right-hand side) and A9; the value of [CaEGTA]/[EGTA] at the optical site was as- 
sumed to be equal to that in the end-pool solutions, 1.76/18.24.  Column 4 gives the val- 
ues of A [CAT], the increase in total myoplasmic [Ca]  produced by a single action poten- 
tial. These were taken to be equal to the values  of A[CaEGTA]  determined 30-50 ms 
after the action potentials. Column 5 gives values of [CaSR]a that were obtained from a 
depleting tetanus that was given, on average,  14 min (SEM, 5 min; range, 3-65 min) after 
the single action potential used for the values in columns 2-4.  Columns 6-8 give the 
times to half-peak  (after that of the action potential), the peak values, and the half-widths 
of the d~[CaT]/dt signals  that were obtained by differentiation  of the A[Caz]  signals 
used for column 4. Columns 9-I 1 give similar information about the A[Ca] signal calcu- 
lated from Eq. A8. Conditions for the single action potential trials:  time after saponin 
treatment, 61-100 min; saromere length, 3.4-3.8  p,m; fiber diameter, 86-150 l.zm; hold- 
ing current, -19 to -76 nA; action potential amplitude, 125-139  mV; action potential 
half-width,  1.59-2.37  ms; temperature, 13--15~  concentration of phenol red at the opti- 
cal site, 0.755-1.453  mM. Ringer's solution was used in the central pool; the K-glutamate 
solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used in the 
end pools. 
and  fluo-3  (Kurebayashi,  Harkins,  and  Baylor,  1993;  Harkins,  Kurebayashi,  and 
Baylor, 1993). 
Recovery of  pH after Stimulation Requires Several Minutes in Fibers 
Equilibrated with 20 mM EGTA 
Because our experiments were carried out on fibers equilibrated with a large con- PAVE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  275 
centration  of EGTA,  the  value  of myoplasmic free  [Ca]  after  stimulation  is  ex- 
pected to have been small.  For this  reason and also because Ca dissociates from 
CaEGTA slowly, it seemed possible that a long period of time might be required for 
Ca to be returned to the SR by the SR Ca pump after stimulation. It was therefore 
important to find out how rapidly the pH signal is able to recover after stimulation 
so that a reasonable period of recovery could be used between successive trials. 
Fig. 3 shows an experiment in which 40 action potentials at 50 Hz were used to 
release essentially all of the readily releasable Ca from the SR into the myoplasm. 
The open circles at times ~<0 min show the values of pHR before stimulation. The 
open square at time =  0 min shows the value recorded immediately after the train 
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FIGURE 3.  Time course of recovery of myopias- 
mic pH after a train of action potentials, pH (open 
circles) was sampled at 0.5-min intervals for 4 min 
before the fiber was stimulated.  At 0 min, the fi- 
ber was stimulated to give a train of action poten- 
tials (shown in Fig. 8 B). The value ofpH immedi- 
ately after the train is plotted as an open square 
and subsequent values of resting pH are plotted 
as open circles. The line and curve show the best 
least-squares fit of a sloping straight line that starts 
at -4 min plus a decreasing exponential function 
that starts at 0 rain; the open square was excluded 
from the fit. The time constant of the exponential 
function is 1.61 min. The half time for recovery 
was estimated by interpolation  to be 0.51 min. 
Same fiber as used in Fig. 2, in which the third 
tick indicates the time of stimulation. See legend 
of Fig. 2 for additional information. 
myoplasmic pH equal  to  -0.252 pH units.  With  [3  =  22 mM/pH  unit,  as deter- 
mined below, this decrease in pH corresponds to an increase in total myoplasmic 
[Ca] of 2,772 IxM (Eq. A7). The circles at times >0 min show values of"resting" pH 
recorded at different times after the stimulation had been stopped. The value of 
pH slowly increased and became approximately constant and equal to its prestimu- 
lus value ,'~  min after the tetanus. The half time for recovery, t 1/~, was estimated by 
interpolation to be 0.51 min. 
The time course of recovery in Fig. 3 was also analyzed with a least-squares fit of a 
sloping baseline  plus  a  decreasing exponential  function  starting  at  0  min.  The 
open square was omitted from the fit. The theoretical curve, shown in the figure, 
provides a  good fit to the open circles but lies above the open square.  This indi- 
cates that there was a rapid initial phase of recovery followed by a slower, exponen- 
tial phase. The rapid phase appears to have been completed by 0.52 min, the time 
when the first open circle was obtained. The time constant of the exponential func- 
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Recovery ofpH was studied in a similar manner in a total of four trials on three fi- 
bers. The mean values of t i/2 and of the time constant of the exponential function 
were 0.57 rain (SEM, 0.04 rain) and 1.77 min (SEM, 0.11 rain), respectively. 
Recovery was also studied after a single action potential (not shown), which pro- 
duced a change in pH that was 0.13--0.17 times that produced by a tetanus. In this 
case, for reasons unknown, the rapid phase of recovery was absent and a decreasing 
exponential function provided a reasonable fit to the entire dme course of pH af- 
ter stimulation. The mean value of the time constant was 2.14 min (SEM, 0.09 rain; 
four trials on two fibers). 
The  time  course  of pH  after  a  depleting  voltage-clamp  depolarization  (not 
shown) was similar to that observed after a depleting tetanus  (Fig. 3). In a total of 
three trials on two fibers, the mean values of t 1/~ and of the time constant of the ex- 
ponential function were 0.45 rain (SEM, 0.02 min) and 1.07 min (SEM, 0.09 rain), 
respectively. 
In principle, it might be possible to interpret the time course of pH recovery in 
terms of Ca reaccumulation by the SR Ca pump.  We are reluctant to do this, how- 
ever, because several metabolic processes might influence myoplasmic pH during a 
recovery period  that lasts  as long as several minutes.  The main  use  of the  time 
course of recovery was to help decide how long to wait between successive trials so 
that the SR could reaccumulate Ca. As a general rule, a period of 5 min was allowed 
after the SR had been depleted of almost all of its readily releasable Ca by either a 
train of action potentials or a voltage-clamp depolarization, and a period of 3 rain 
was allowed after partial depletion by one or two action potentials or a brief volt- 
age-clamp depolarization. 
A Single Action Potential Produces a Step Decrease in Myoplasmic pH 
Fig. 4 shows electrical and optical traces associated with a  single action potential. 
The top trace shows the action potential recorded in end pool 1. The next three 
traces show the changes in absorbance ~A(k), with k =  480, 570, and 690 nm, as in- 
dicated.  (Throughout this article, the symbol ~  refers to changes with respect to 
the prestimulus level.) These traces contain contributions from changes in the in- 
trinsic optical properties of the fiber (which can be expressed as changes in absor- 
bance) as well as possible changes in phenol red absorbance. 
Because phenol  red  does not absorb  690  nm  light,  and  because  its isosbestic 
wavelength is close to 480 nm, the ~A(690)  and ~A(480)  traces are expected to 
contain contributions primarily from changes in the intrinsic optical properties of 
the fiber. Consequently, the amplitude of these signals is much smaller than that of 
the ~A(570) signal, which contains a substantial contribution from changes in phe- 
nol  red  absorbance.  The  change  in  indicator-related  absorbance  at  570  nm, 
~Aind(570)  (not shown), was obtained from the AA(570)  signal by subtraction of 
the ~A(690)  signal,  suitably scaled to match  the intrinsic signal  at 570 nm  (see 
Methods).  Because the amplitude of the AA(570)  signal is ~20 times that of the 
~k(690) signal, the accuracy of the intrinsic correction is not critical to the deter- 
mination of ~Aind(570). 
The lowermost trace in Fig. 4 shows the ApH signal calculated from the AAind(570) 
trace, as described in Methods. A few milliseconds after the action potential, the PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  277 
myoplasmic pH rapidly decreased 0.033 pH units from its resting level, estimated to 
be 6.912. Such a decrease in pH is expected when EGTA combines with Ca and re- 
leases two protons for each Ca that is bound, reaction scheme A1. 
Eq. A7 can be used to convert the ApH signal in Fig. 4 to the A [CaEGTA] signal, 
if the value of the buffering power of myoplasm, [3, is known;  [3 has units of total 
proton concentration  removed from  (added to)  the  myoplasm per unit increase 
(decrease) in pH. The following section describes the method used to determine [3. 
Because the ApH signal in Fig. 4 represents the change in spatially averaged myo- 
plasmic pH, it is of interest to estimate the magnitude of any gradients in pH that 
might develop near an open SR Ca channel. Appendix B shows that, in the steady 
state,  local changes in proton concentration,  A[H+],  are expected to be propor- 
tional to the local changes in CaEGTA concentration, with a  proportionality con- 
stant of ~10 -4. Because the value of A[H  +]  during a  transient is never expected 
to  exceed  that  during  the  steady state,  and  because  the  maximal value  of local 
T- 
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FIGURE 4.  Optical  changes  associated  with  an 
action  potential in  a fiber equilibrated  with  20 
mM EGTA and phenol red. The top trace shows 
the acdon potential.  The next three traces show 
the changes in absorbance at 480, 570, and 690 
nm, as labeled. The bottom trace shows ApH, esti- 
mated from the absorbance changes  at 570 and 
690 nm as described  in Methods.  Same fiber as 
used for Fig. 2, in which the first tick indicates the 
time  of stimulation.  Time  after  saponin  treat- 
ment, 78 min; holding current,  -33 nA; action 
potential amplitude,  136 mV; phenol red concen- 
tration at the optical site just before stimulation, 
1.223 raM; estimated pHR and free [Ca]R  just be- 
fore  stimulation,  6.912 and  0.054 ~M,  respec- 
tively; interval of time between  data points,  0.12 
ms.  See legend of Fig. 2 for additional  informa- 
tion. 
A[CaEGTA]  near a  single  open  SR Ca channel  is expected  to be  only ,'~5  p,M 
(Fig.  15 B), the value of A[H  +]  near a  single open Ca channel is expected to be 
negligibly small, < 1 nM. Although the analysis in Appendix B of the gradients of 
[CaEGTA]  and  [H  +]  near a  single  SR Ca channel  has not been  extended  to in- 
clude the case of Ca release from many channels  (as was done for [Ca] in Appen- 
dix D), it seems unlikely that substantial gradients of [H  +  ] are ever established near 
the SR Ca release sites. 
A Description of the Method for the Determination  of the Rapidly 
Available Buffering Power 
Because SR Ca release usually lasts only a  fraction of a  second, it is important for 
the conversion of ApH to A[CaEGTA]  to use a value of [3 that applies during this 
period of time. This will be called the rapidly available buffering power. 
The principle of the method to measure [3 on this time scale is to equilibrate a 278  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
cut muscle fiber with a solution that contains EGTA, phenol red, and fura-2, and to 
use an action potential to rapidly release a bolus of Ca from the SR into the myo- 
plasm. Although the apparent dissociation constants of EGTA and fura-2 are simi- 
lar at the values of internal pH encountered in these experiments, the correspond- 
ing forward and backward rate constants are very different because the reaction 
between Ca  and  fura-2 is much faster than  that between Ca  and  EGTA. Conse- 
quently, after SR Ca release is over, some of the Ca that was initially complexed by 
the rapidly reacting fura-2 dissociates and becomes complexed by EGTA. This leads 
to a decrease in internal pH. With the assumption that A [CaEGTA] =  -A [Cafura-2] 
during this time and that the stoichiometry of Ca exchange for protons by EGTA is 
1:2, the relative amplitudes of the ApH and A [Cafura-2] signals can be used to esti- 
mate the value of 13. This estimate depends mainly on events that occur during the 
first 100 ms after the action potential. In our estimates of 13, the relatively small up- 
take of protons by fura-2 as Cafura-2 dissociates has been neglected; at pH =  7.0, 
for example, the stoichiometry of this exchange is HI Ca:0.05 protons (Pape, Ko- 
nishi, Hollingworth, and Baylor, 1990). 
For the determination of 13, fibers were first equilibrated for 58-84 min with the 
K-glutamate solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red 
(no fura-2) in the end pools; Ringer's solution was used in the central pool. Fig. 5 A 
shows  a  set  of traces  obtained  with  action-potential  stimulation.  The  top  trace 
shows  the  electrical  recording.  The  next two  traces  show changes  in  indicator- 
related absorbance, AA(420)  and AA(570), as indicated. The contribution of the 
fiber's intrinsic  signal  to each  raw absorbance  signal  has  been  removed by sub- 
traction of the AA(690) signal (not shown) after suitable scaling (see Methods and 
Fig.  4). The AA(420)  and AA(570)  signals underwent abrupt changes soon after 
the action potential and then remained relatively constant. The negative sign of the 
AA(570) signal is similar to that observed in Fig. 4 and is consistent with an acidifi- 
cation of the myoplasmic solution. Because the isosbestic wavelength of phenol red 
is 480 nm (Lisman and Strong, 1979), the AA(420) signal is expected to be of op- 
posite sign, as observed. 
The first 200 ms of the AA(570) signal was least-squares fitted to the AA(420) sig- 
nal, which gave a scaling factor of -0.42. The bottom trace in Fig. 5 A shows the 
AA(420)  signal after subtraction of -0.42  times the AA(570)  signal. The trace is 
flat, showing that the AA(420)  and AA(570)  signals had the same waveform. Two 
other sets of measurements gave the same value of the scaling factor, -0.42. 
After these  measurements were completed,  2  mM fura-2 with 0.5  mM  Ca was 
added to the end-pool solutions. The traces in Fig. 5 B, plotted with the same for- 
mat used in Fig. 5 A, were obtained 52 min later. The indicator-related AA(420) 
and AA(570) signals in Fig. 5 B are clearly different from those in Fig. 5 A. Because 
fura-2 (although not Cafura-2) absorbs 420 nm light, the indicator-related AA(420) 
signal is expected to contain contributions from both phenol red and fura-2. On 
the other hand, since neither fura-2 nor Cafura-2 is able to absorb 570 nm light, the 
indicator-related AA(570)  signal  is  expected to contain  contributions from only 
phenol red. 
The initial decrease in the AA(570) signal in Fig. 5 B is smaller but otherwise sim- 
ilar to that in Fig. 5 A and is likely caused by an initial complexation by EGTA of PAPE ET AL.  Ca Release in Cut Fibers Equilibrated  with EGTA  279 
some of the Ca that was released from the S1L The subsequent decrease in AA(570), 
during the next 100-200 ms, is consistent with the idea that some of the Ca that was 
initially complexed by the rapidly reacting fura-2 dissociated during this period and 
combined with EGTA. If this idea is correct,  [Cafura-2] should have decreased dur- 
ing this period and, because  [fura-2]  +  [Cafura-2] should have remained constant, 
[fura-2] should have increased. 
The fura-2-related  AA(420) signal, which is the bottom trace in Fig. 5 B, was ob- 
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FIGURE 5.  Changes in indicator-related absorbance before (A) and after (B) fura-2 had diffused 
into the optical recording site. (A) The top trace shows the action potential. The next two traces 
show changes in indicator-related absorbance at 420 and 570 nm, as indicated. The bottom trace 
shows the 420-nm trace minus the 570-rim trace scaled by -0.42. Time after saponin treatment, 64 
min; time after introduction of phenol red into the end pools, 49 min; fiber diameter, 151 p,m; hold- 
ing current, -64 nA; action potential amplitude, 134 mV; concentration of  phenol red at the optical 
site, 1.065 raM; estimated pHa and [Ca]R, 6.977 and 0.040 t~M, respectively. (B) Similar to A except 
that the measurements were made 62 min later, after fura-2 had diffused into the optical site. Time 
after saponin treatment, 126 min; time after introduction of fura-2 into the end pools, 52 min; fiber 
diameter, 151 I~m; holding current, -71 nA; action potential amplitude, 134 mV; concentration of 
phenol red at the optical site, 1.916 mM; estimated pHR and [Ca]R, 6.954 and 0.045 laM, respectively. 
Fiber reference, 420921; sarcomere length, 3.6 Ixm; temperature,  15~  interval  of time between 
data points, 0.24 ms. 
rained from the indicator-related  AA(420) signal  (second trace)  by subtraction  of 
the contribution from phenol red. This contribution was estimated by scaling the 
indicator-related  AA(570) signal  (third trace)  by -0.42, the scaling factor that was 
determined before fura-2 was added to the end pools (Fig. 5 A). The fura-2-related 
AA(420)  signal  shows an  initial  decrease,  consistent with  a  reduction  in  [fura-2] 
and  an  increase  in  [Cafura-2].  The  signal  then  returned  toward  baseline  with  a 
time course similar to that of the decrease of the AA(570) signal, as expected if Ca 280  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  '  VOLUME  106  ￿9  1995 
dissociated  from Cafura-2 and combined with EGTA. This movement of Ca from 
fura-2 to EGTA was initially observed in a  series  of unpublished  experiments  car- 
ded out in collaboration with Dr. Stephen Baylor. It forms the basis of the method 
for the estimation of [3. 
Because neither fura-2 nor Cafura-2 is able to appreciably absorb 480 nm light, 
the value of indicator-related  A(480)  can be used to monitor the concentration of 
phenol red at the optical site, as was done in the absence of fura-2. In the fiber in 
Fig. 5, the concentration was 1.065 mM in A and  1.916 mM in B. The final ampli- 
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FIGURE 6.  ApH (A and B) and A[Cafura-2]  (B) signals estimated from the optical traces in Fig. 5. 
(A and B) The top traces in each panel repeat the corresponding action potentials in Fig. 5. The sec- 
ond traces in each panel show the ApH signals estimated from the indicator-related  AA(570) signals. 
(B) The third trace shows the A[Cafura-2] signal estimated from the AA(420) + 0.42~kA(570) signal 
in Fig. 5 B. The bottom trace shows ApH -  (2/[3) A  [Cafura-2], which represents the ApH signal that 
would have been obtained with the same SR Ca release if fura-2 had not been present at the optical 
site. The value of 13, 20.7 mM/pH unit, was obtained from a least-squares fit of the ApH trace to the 
A  [Cafura-2] trace in the interval indicated byvertical ticks, 30-382 ms after the stimulation.  See text 
for additional information. 
tude of the indicator-related  AA(570) signal in B is larger than that in A owing to 
this difference in concentration of phenol red. 
Because the indicator-related AA(570) signals in Fig. 5 contain contributions from 
only phenol red, they can be converted to ApH signals, as described in the Methods. 
Similarly, the fura-2-related ~(420)  signal at the bottom of Fig. 5 B can be scaled to 
give A [Cafura-2], as described in Pape et al.  (1993). Fig. 6 shows the result. 
Fig. 6 A shows the step decrease in pH (lower trace) that accompanied the action 
potential  (upper trace)  in the absence of fura-2, similar to that shown in Fig. 4. The 
middle  two traces in Fig. 6 B show the ApH and A [Cafura-2]  signals that were ob- PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  281 
rained after fura-2 had diffused into the optical recording site. Soon after stimula- 
tion, there was an abrupt decrease in ApH (due to an abrupt increase in A[CaEGTA]) 
and an abrupt increase in  A[Cafura-2].  During the next 100-200 ms, both ApH 
and  A[Cafura-2]  decreased with a  similar time course. The ApH signal was least- 
squares fitted to the A [Cafura-2] signal in the interval 30-382 ms after stimulation, 
indicated by vertical ticks. The fit was good (not shown) and a value of 20.7 mM/ 
pH unit was obtained for [3 from the relation ApH =  (2/[3)A [Cafura-2]. This rela- 
tion assumes that, in the interval between the tick marks, (a) there were no sources 
or sinks for Ca other than  EGTA and fura-2 so that the relation A [CaEGTA]  = 
--A[Cafura-2] would apply,  (b) the exchange of Ca for protons by EGTA was 1:2, 
and (c) there were no sources or sinks for protons other than those associated with 
[3. Assumptions  a and  c are supported by the observation that, in the absence of 
fura-2, the ApH signal was flat in the interval between the tick marks (Fig. 6 A), con- 
sistent with the idea that there were no sources or sinks for Ca or protons in the my- 
oplasm during this period. Assumption b follows from the known values of the dis- 
sociation constants of EGTA for protons and Ca (cf. Appendix A). 
According to Appendix B, in the experiment illustrated in Fig. 6 B, almost all of 
the initial complexation of Ca by EGTA and fura-2 is expected to have occurred 
within a few hundred nanometers of the SR Ca release sites. After Ca release was 
completed,  the  concentrations  of CaEGTA,  EGTA,  Cafura-2,  and  fura-2  are  ex- 
pected to have  equilibrated  by diffusion, a  process  that is  expected to have  oc- 
curred throughout the sarcomere and to have been mostly completed by the time 
of the first tick mark, 30 ms after stimulation. Thus, it seems likely that there were 
no appreciable gradients of freely diffusible CaEGTA, EGTA, Cafura-2, and fura-2 
during the period when the value of [3 was estimated. 
The bottom trace in Fig.  6  B shows  ApH  -  (2/[3)A[Cafura-2], with  [3  =  20.7 
mM/pH  unit.  This represents the  ApH signal  that would have been obtained if 
fura-2 had been absent and SR Ca release had been unchanged. Its steplike appear- 
ance  is  consistent  with  the  observation  that  the  fit  of  the  ApH  trace  to  the 
A[Cafura-2]  trace in the interval between the  tick marks was good  (not shown). 
The mean value of the trace in this interval is -0.0256 pH units whereas that in Fig. 
6 A is -0.0290 pH units. This difference suggests that the amount of Ca released 
from the SR had decreased by 12% from A to B in Fig. 6. This change is similar to 
that observed in experiments without fura-2  (see above) and is attributed to fiber 
run down during the 62-min period that separated the measurements in A and B in 
Fig. 6. 
The Value of[3 Is Constant 2-4 h after Saponin  Treatment 
Fig. 7 A shows the value of [3 plotted as a function of time after saponin treatment 
of the end-pool segments, from the fiber used for Figs. 5 and 6. The straight line 
represents a least-squares fit ofEq. 5 with ([3) =  21.5 mM/pH unit and a slope b = 
-0.0043 mM/(pH  unit  ￿  min). According to the test described in Methods,  the 
value of b is not significantly different from 0. This is consistent with the idea that 
the freely mobile myoplasmic buffers at the optical site had equilibrated with those 
in the end-pool solutions by the time that the first measurement was made, and 
that the concentrations of the myoplasmic buffers, both mobile and immobile, re- 
mained relatively constant during the next 150 min. 282  THE JOURNAL  OF GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
The Mean Value of  ~ is 22 mM/pH Unit and Is Approximately Independent 
of  pHR between 6. 7 and Z 0 
Fig. 7 B shows individual estimates of [~ from seven fibers, plotted as a function of 
pHR. Each fiber is represented by a different symbol; an open circle represents the 
fiber illustrated in Figs. 5, 6, and 7 A. The straight line was least-squares fitted to the 
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FIGURE 7.  Effect of experiment duration (A) and pHa (B) on [3. (A) Values of fl are plotted as a 
function of time after saponin treatment of the end-pool segments, from the experiment in Figs. 5 
and 6.  Each value of fl was estimated from a least-squares fit of a ApH trace to the corresponding 
A  [Cafura-2] trace in the interval 30 to 250-430 ms after stimulation,  as described in connection  with 
Fig. 6 B. The straight line shows the least-squares fit of Eq. 5, with (time)  =  175.8 min, ([3)= 21.5 
mM/pH unit, and b =  -0.0043 mM/(pH unit ￿  rain). During the experiment, the fiber diameter 
progressively decreased from 151 to 145 p,m; the holding current changed from -69 to -85 nA; the 
action potential amplitude remained constant at 134 mV; the concentration  of phenol red at the op 
tical site increased from 1.742 to 2.384 mM; and pHR decreased from 6.980 to 6.875. Additional in- 
formation is given in the legend of Fig. 5. (B) Values of [3 from seven fibers plotted as a function of 
pHR. Each fiber is represented by a different symbol; (open c/rc/es) represent the fiber used in Figs. 5, 
6, and 7 A. The straight line shows the least-squares fit of Eq. 5, with (pHp.> = 6.815, ([3) = 22.2 mM/ 
pH unit, and b =  -3.1 mM/(pH unit)  ~.  Time after the introduction of fura-2 into the end pools, 
34-184 min; sarcomere length, 3.4-3.8  gm; fiber diameter, 94-151  ~m; holding current, -35 to 
-85 hA; action potential amplitude, 124-134 mV; temperature, 14-15~  concentration of phenol 
red at the optical site, 0.790-2.630 mM.  Additional information is given in the text. 
data  (Eq.  5), with values (pH~  =  6.815,  ([3) =  22.2  mM/pH  unit, and b  =  -3.1 
mM/(pH  unit)  2. According to the test described in Methods, the value of b is not 
significantly different from 0. Thus, within the scatter of the data, there is no dis- 
cemible dependence of ~ on pHR between 6.66 and 6.98. 
In one experiment, fura-2 was added to the end pools at the same time as phenol PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  283 
red, so that the value of [$ could be estimated as soon as possible after saponin treat- 
ment of the end-pool segments. Six values of [$, plotted as crosses in Fig. 7 B, were 
determined  52-81  min  after saponin  treatment.  They varied from  22.0  to  24.0 
mM/pH unit with a mean value of 23.0 mM/pH unit (SEM, 0.4 mM/pH unit). Al- 
though these values were obtained about an hour sooner after saponin treatment 
than those from the other six fibers, they lie within the range of values obtained 
from the other fibers. This finding suggests that the freely mobile myoplasmic buff- 
ers  at the  optical site became  equilibrated with  those  in  the  end-pool solutions 
within an hour after saponin treatment. This suggests that the apparent diffusion 
coefficient of most of these buffers is I> 1 ￿  10 -6 cm2/s, because a substance with an 
apparent diffusion coefficient of 1  ￿  10 -6 cm2/s would be expected to be 93% 
equilibrated within an hour. 
In all of the experiments described below, a value of 22 mM/pH  unit has been 
used for 13 to convert ApH signals to h [CaEGTA]. 
The Value of the Dissociation  Rate Constant of Cafura-2 is ~30 s-1 
During all of the experiments with EGTA and fura-2, the time constant associated 
with the transfer of Ca from fura-2 to EGTA progressively increased with the dura- 
tion of the experiment (not shown). A theoretical analysis (not shown) shows that 
such an increase is expected from the increase in concentration of fura-2 that oc- 
curred at the same time; to a first approximation, the time constant is expected to 
increase linearly with fura-2 concentration. A qualitative explanation of this effect 
is that, after Ca ions dissociate from Cafura-2, there is a high probability that they 
will rapidly become either complexed by EGTA or recomplexed by fura-2. The frac- 
tional amount that becomes recomplexed by fura-2 depends on the relative con- 
centrations  of EGTA and  fura-2  and  increases  as  the  concentration  of fura-2  is 
increased. Since any Ca that is recomplexed by fura-2 must wait for a subsequent 
dissociation to have a  chance to become complexed by EGTA and contribute to 
A [Cafura-2] and A [CaEGTA], the length of time that Ca is complexed by EGTA be- 
comes progressively longer as the concentration of fura-2 is increased. 
The theoretical analysis mentioned in the preceding paragraph was used to esti- 
mate  the  value  of the  dissociation  rate  constant  of Cafura-2,  k-2  (method  not 
shown). The mean value ofk~ in seven fibers was 29 s -1 (SEM, 4 s -1) at 14-15~ 
A Single Action Potential Releases 200-500 tzM Ca from the SR into the Myoplasm 
The top trace in Fig. 8 A shows the action potential from Fig. 4 plotted on an ex- 
panded time scale. The next trace shows  A[CaT], which is defined by A[CaT]  = 
A[Ca]  +  A [CaEGTA].  A[CaEGTA] was obtained by scaling the ApH trace in Fig. 4 
by the factor -[$/2  (Eq. AT), with [$ =  22 mM/pH unit (see above). Since, except 
at the very beginning of a  [Ca] transient, the absolute value of A[Ca] is expected to 
be much smaller than that of A [CaEGTA] (compare columns 4 and 10 in Table II), 
A [CAT] is taken to be equal to A [CaEGTA]. Soon after the rising phase of the ac- 
tion potential, A[CaT] increased rapidly to a nearly constant value of 366 o~M.  Just 
after the rapid increase, but before the trace became fiat, there was a suggestion of 
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Evidence is presented in Appendix A  and the Discussion that A[CaT]  is approxi- 
mately equal to the total amount of Ca released from the SR into the myoplasm, ex- 
pressed as myoplasmic concentration. Thus, within a few milliseconds after the ac- 
tion  potential,  sufficient Ca was  released from  the  SR into  the  myoplasm  to  in- 
crease its total concentration  by approximately 366  p,M.  Thereafter,  the value of 
A[CaT]  was  essentially constant.  This  constancy  is  consistent  with  the  idea  that 
there were little or no movements of protons or Ca either into or out of the myo- 
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FIGURE  8.  Ca signals associated with a single action potential (A) and a train of 40 action potentials 
at 50 Hz (B) in a fiber equilibrated with 20 mM EGTA and phenol red. (A) The top trace shows the 
action potential from Fig. 4 plotted on an expanded time scale. The second trace shows A[Caz], the 
change in total myoplasmic Ca concentration. This was obtained by scaling the ApH trace in Fig. 4 
by -[3/2 (Eq. A7 with 13 = 22 mM/pH unit) to give A [CaEGTA], and then using the relation A [CAT] 
--- A[CaEGTA]. (B) The top and bottom traces show voltage and A[CaT], respectively, from the 
same fiber used in A. Time after saponin treatment, 99 min; holding current, -33 nA; action poten- 
tial amplitude, not resolvable because of slow sampling rate; phenol red concentration at the optical 
site, 1.450 mM; estimated pHR and free [Ca]R, 6.885 and 0.061 o,M, respectively; interval of time be- 
tween data points, 0.48 ms. The time of stmulafion in A and B are indicated by the first and third 
tick marks, respectively, in Fig. 2.  See legend of Fig. 2 for additional information. 
plasmic solution during this period and that the concentration of CaEGTA was es- 
sentially constant. 
The third trace in Fig. 8 A shows dA~[Cax]/dt, which is taken to represent the rate 
of SR Ca release. The time to half-peak (after that of the action potential) was 2.89 
ms, the peak amplitude was  132  p~M/ms, and the half-width was 2.72 ms;  the half- 
width is the interval of time between the half-peak on the rising phase and the half- 
peak on the falling phase. 
The bottom trace in Fig. 8 A shows A [Ca], the estimated change in spatially aver- PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  285 
aged free [Ca]  in the myoplasmic solution, calculated from Eq. A8 and displayed 
after subtraction of the value of [Ca]R, estimated to be 0.054 I-~M. The A[Ca] signal 
has a  time course that is nearly identical to that of the dA[CaT]/dt signal; it has a 
time to half-peak of 2.89 ms, a peak amplitude of 2.98 I~M, and a half-width of 2.76 
ms. The A[Ca]  signal is also similar to that recorded with PDAA (Fig.  1 B) except 
for the absence of an undershoot. 
The peak amplitude of the A[Ca]  signal in Fig. 8 A  (2.98 p.M)  is approximately 
equal to (kl[EGTA]R) -1  (= "rc~ =  22 ~s)  times the peak value of d2t[CaT]/dt (132 
ixM/ms), as expected from Eq. A10. The value of (kl[EGTA]R) -1, 22 ~s, was cho- 
sen so that the mean peak value of A[Ca]  estimated with EGTA-phenol red  (3.25 
p,M,  column 10 in Table II) would be similar to that measured with PDAA  (3.34 
~M, column 3 in Table I). If [EGTA]R =  18.24 raM, a value of 2.5 ￿  106 M-Is -1 is 
obtained for ka. This value lies near the upper end of the range of values that have 
been measured in vitro with 100 mM KC1. Harafuji and Ogawa (1980) obtained val- 
ues of 1.0-3.0  X  106 M-is -x at 20~  and Smith et al.  (1984)  obtained a value of 
0.9  ￿  106 M-is -1  at  16~  Harafuji and Ogawa  (1980)  attributed the differences 
among their values to the three different pH buffers that were used. Our estimate 
of kl would be smaller than 2.5 ￿  106 M-is -1 if the value of [EGTA]R were greater 
than 18.24 mM; for example, the concentration of free EGTA might be essentially 
the same as that in the end pools, as seems likely after the long periods of equilibra- 
tion that were used in our experiments, and an additional amount of EGTA might 
be bound inside the myoplasm and able to react with Ca. 
Column 4 in Table II gives the peak values of A[CaT] in 12 action-potential ex- 
periments. These values progressively increase, with a small scatter, from 228 ~M in 
the first row to 539 IxM in the bottom row. The mean value is 375 ~M. The progres- 
sive increase of A[CaT] is associated with a decrease in pHR (column 2) and an in- 
crease in [Ca]R (column 3). 
These changes in the amplitude of A[CaT] were not associated with any consis- 
tent changes in the action potential. In nine fibers studied with sufficient time reso- 
lution  to resolve the action  potential,  the  amplitude  of the  action potential was 
125--139 mV and its half-width was 1.59-2.37 ms. The amplitude and half-width of 
the action potential showed no consistent variation with pHR or [Ca]a. 
Previous estimates of the amount of Ca released by an action potential in cut fi- 
bers have been made with small concentrations of low affinity Ca indicators and 
only 0.1 mM EGTA in the end-pool solutions: 333 ~M  (SEM, 8 IxM) with antipyry- 
lazo III (high Ca calibration, Table VII in Maylie et al., 1987c), 317 IxM with tetra- 
methylpurpurate  (SEM,  5  ~M)  (page  168  in  Maylie et al.,  1987a)  and  294  IxM 
(SEM,  12  ~M)  with PDAA  (page  321  in Pape et al.,  1993).  These values are  all 
somewhat smaller than the mean value in our experiments, 375 ixM. The signifi- 
cance of this difference is uncertain, however, because a reliable estimate of SR Ca 
content is difficult to obtain in experiments with low affinity Ca indicators. Because 
the value of A[CaT] appears to be roughly proportional to SR Ca content, at least 
between 1,400 and 4,400 IxM (see below, Fig.  10 A), the larger value of A[CaT] in 
our experiments may reflect a larger SR Ca content. On the other hand, if the SR 
Ca contents were similar in all of the experiments, the differences could be due to 
a  genuine increase in SR Ca release caused by 20 mM EGTA, similar to that ob- 286  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
served with 0.5-2 mM fura-2 and attributed to a decrease in Ca inactivation of Ca 
release (Baylor and HoUingworth, 1988; Hollingworth, Harkins, Kurebayashi, Kon- 
ishi, and Baylor, 1992; Pape et al., 1993). 
A Train of 4OAction Potentials Is Able to ReleaseAlmost All 
of the Readily Releasable Ca from the SR 
21  min after the traces in Fig. 8 A were obtained, the fiber was stimulated with a 
train of 40 action potentials at 50 Hz. The top trace in Fig. 8 B shows the electrical 
response. Since a  relatively long period of recording was required for these mea- 
surements, the interval of time between experimental points was increased from 
0.12 ms (Fig. 8 A) to 0.48 ms. As a result, the time course of the action potentials in 
Fig. 8 B cannot be resolved reliably. 
The bottom trace in Fig. 8 B shows A[CaT]. During the first part of the train, 
there was a rapid increase in A[CaT] after each action potential. The first action po- 
tential produced an increase of 369 p.M, similar to that shown in Fig. 8 A, which was 
366 txM. Subsequent action potentials produced smaller increases in A[CaT]  until 
A [CAT] reached an almost steady value during the last part of the train, indicating 
that almost all of the readily releasable Ca had moved from the SR into the myo- 
plasm. Accordingly, the final value of A[CaT], 2,777 I~M, is taken to represent the 
prestimulus value of the readily releasable SR Ca content (expressed in terms of 
myoplasmic concentration), which is denoted by [CasR]R. After the train, A[CaT] 
decreased slowly (cf. Fig. 3).  Traces of dA[CaT]/dt and A[Ca] are not included in 
Fig. 8 B because the interval of time between the experimental points was too long 
for reliable resolution of their time courses. 
Estimates of [CasR]R obtained with a train of action potentials, similar to that il- 
lustrated in Fig. 8 B, are given in column 5 of Table II. The values progressively in- 
crease, with some scatter, from 1,391  ~M in the top row to 3,912 I~M in the bottom 
row and have a mean value of 2,685 p,M (SEM, 252 IxM). Fig. 9 shows these values 
plotted as a function of [Ca]R (linear scale) and pHR (values in parentheses, non- 
linear scale). Each fiber is represented by a different small symbol; the large asym- 
metrical cross provides information about [CasR]  R in voltage-clamp experiments, as 
described  below  (cf.  Fig.  12).  The values of [CasR]R progressively increase with 
[Ca]R and decrease with pHR, similar to the situation observed with the value of 
A [CAT] elicited by a single action potential (column 4 in Table II). Although there 
is no way to establish with certainty whether the variation in [CasR]  R is due to pHR 
or [Ca]R or both, the idea that [CasR]R increases with [Ca]R is certainly plausible in 
view of the known ability of the SR Ca pump to accumulate more Ca inside the SR 
when the value of myoplasmic [Ca] is increased. 
Although the value of [CasR] R can be easily determined in an EGTA-phenol red 
experiment, its determination is difficult in an experiment with a low affinity Ca in- 
dicator. The reason is that, after sufficient Ca has been released to saturate the myo- 
plasmic Ca buffers, free  [Ca]  increases and inhibits additional release because of 
Ca inactivation of Ca release  (Baylor et al., 1983; Simon et al., 1985,  1991; Baylor 
and Hollingworth, 1988; Schneider and Simon, 1988). PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  287 
A Single Action Potential Releases Only 0.13-0.17 of the Readily 
Releasable SR Ca Content 
Fig.  10 A  shows values  of A[CaT]  plotted  as a  function  of [CasR]R,  with  the  same 
symbols used  in  Fig.  9.  With  some  scatter,  A[CaT]  increases  monotonically with 
[CasR]R.  The reladon between  A[Cax] and  [CasR]R is not exactly linear, but slightly 
curvilinear, and is expected to pass through the origin. 
The value offb  the fraction of SR Ca content released by the first action poten- 
tial, can be estimated from the value of A[CaT] divided by [CasR]R. For the experi- 
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FIGURE 9.  Effect of [Ca]R or pHR on the SR 
Ca content.  The value of [C~sR]R (expressed 
in terms of myoplasmic  concentration),  esti- 
mated from the plateau value  of A[CaT] dur- 
ing a train of 20-40 action potentials,  is plot- 
ted as a function of [Ca]R (linear scale)  and 
pHa  (values  in  parentheses  on  a  nonlinear 
scale), from the fibers used for Table II (which 
should be  consulted for additional  informa- 
tion). Each fiber is represented by a different 
small symbol. The intersection of the arms of 
the large asymmetrical  cross shows the mean 
value  of  [CaSR]R obtained  from  11  voltage- 
clamped fibers  studied with  long lasting  de- 
0~2  plering depolarizations (250-1,400  ms to -50 
to -20 mV), plotted against the mean values 
of [Ca]a and pHR; the horizontal and vertical 
arms of the cross indicate the range of  values. For these measurements, each depleting depolariza- 
tion was preceded by another depleting depolarization followed by a 5-min recovery period. Infor- 
marion about the voltage-clamp experiments: time after saponin treatment, 61-110 min; sarcomere 
length, 3.3-3.5 p~m; fiber diameter, 84-160 ~m; holding current, -24 to -70 nA; temperature, 13- 
15~  concentration of phenol red at the optical site,  0.902-1.583  mM; pHi,  6.795-6.904;  free 
[Ca]a, 0.056--0.093 0M. The TEA-gluconate solution was used in the central pool; the Cs-glutamate 
solution with 20 mM EGTA plus 1.76 mM Ca and 0.63 mM phenol red was used in the end pools. 
function of [CasR]a. The values fluctuate within a small range and decrease slightly 
with increasing  [CasR]R.  Their mean value is 0.144 (SEM, 0.004). 
Column  7  in Table II gives the peak values of dA[Caw]/dt and Fig.  10  C shows 
these values plotted as a function of [CasR]R.  Because the derivative of a signal is ex- 
pected to be noisier than the signal itself (compare the A [CAT] and dA [CAT]/dt sig- 
nals in Fig. 8  A), the data in Fig.  10  C show more scatter than  those in Fig.  10 A. 
Within this scatter,  though,  the relation between  dA[Caw]/dt and  [Casa]R appears 
to be approximately linear. 
The mean peak amplitude of dA[Caw]/dt,  143 p.M/ms  (column 7 in Table II), is 
similar to and not significantly different from the values obtained with antipyrylazo 288 
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The dependence of parameters associated with SR Ca release after a single action po- 
tential on [CasR]R. (A and B) The values of/X[CaT]  (A) and f  (B) are plotted as a function of 
[CasR] R. (C and D) Similar to A and B except that peak values of dA [CAT]//dr  and Pl have been plot- 
ted. Each fiber is represented by the same symbol used in Fig. 9.  Additional information is given in 
the legend of Table II. 
III, tetramethylpurpurate, and PDAA in cut fibers with only 0.1  mM EGTA in the 
end-pool solutions (Maylie et al., 1987a, c, Pape et al., 1993). Because the values of 
dS[Cax]/dt depend on  [CasR]R  (cf.  Fig.  10  C),  it is difficult to assign any signifi- 
cance to this similarity without knowing the values of [CasR]R in the fibers with un- 
modified [Ca] transients. PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  289 
The peak value of dA [CAT]/dt can be divided by [Casg]  it and multiplied by 100 to 
give Pl, the peak rate of Ca release in units of percent of SR Ca content per millisec- 
ond. Fig.  10 D shows the values of pl plotted as a function of [CaSR]R. Within the 
scatter of the data, the values of p~ appear to be constant, with a mean value of 
5.25%/ms (SEM, 0.26%/ms). 
These results are consistent with the idea that pHR, in the range 6.7-7.1, affects 
the values of A  [CAT] and d~ [CAT] / dt mainly through an effect on [CasR]  R, probably 
mediated through [Ca]R (preceding section). 
The Temporal Waveform of d~fCarJ/dt Is Not Dramatically Affected 
by Equilibration with 20 mM EGTA 
Column 6 in Table II gives the times to half-peak of the dA[Car]/dt signal. Within 
the scatter of the data, the values show a small decrease from top to bottom, corre- 
sponding to ~2 ms/pH unit (compare values in columns 2 and 6). The mean value 
of the time to haft-peak, 2.21 ms, is similar to and not significantly different from 
the corresponding values reported with antipyrylazo III, tetramethylpurpurate, and 
PDAA in cut fibers with only 0.1 mM EGTA in the end-pool solutions (Maylie et al., 
1987a, c;, Pape et al., 1993). This similarity supports the idea that EGTA tracks SR Ca 
release rapidly, as expected from Eq. A4. It also suggests that, similar to the results 
obtained with 0.5-2 mM fura-2  (Baylor and Hollingworth, 1988; Hollingworth et 
al.,  1992; Pape et al., 1993),  suppression of the increase in spatially averaged myo- 
plasmic free [Ca] by EGTA does not affect the onset of SR Ca release. 
Column 8 in Table II gives the values of the half-width of the dA[CaT]/dt signal. 
Within the scatter of the data, the values show a small decrease from top to bottom, 
corresponding to  1 ms/pH unit. The mean value of the half-width, 2.74  ms, is 
larger than those observed in cut fibers with only 0.1 mM EGTA in the end-pool so- 
lutions: 2.04 ms (SEM, 0.05 ms) with antipyrylazo III, 1.86 ms (SEM, 0.07 ms) with 
tetramethylpurpurate, and 2.05 ms (SEM, 0.14 ms) with PDAA (see references in 
preceding paragraph); only the differences reported for antipyrylazo III and tet- 
ramethylmurexide are statistically significant. This suggests that the duration of the 
dA[CaT]/dt waveform obtained with EGTA-phenol red is 0.7-0.9 ms longer than 
that calculated from free A[Ca]  signals measured with low affinity Ca indicators 
and 0.1  mM EGTA. In intact fibers also studied with action-potential stimulation, 
Baylor and Hollingworth (1988)  and Hollingworth et al.  (1992)  observed a similar 
prolongation with 0.5-2 mM fura-2, a finding that appeared to be correlated with 
an increase in the value of A[CaT]. 
Columns 9-11 in Table II give information about the spatially averaged myoplas- 
mic free A[Ca]  signal. On average, the time to half-peak was 2.20 ms (column 9), 
the peak amplitude was 3.25 I~M (column 10), and the half-width was 2.81 ms (col- 
umn 11). A fiber-to-fiber comparison of corresponding values in columns 6-8 with 
those in columns 9-11  shows that, in all cases, the time to half-peak and the half- 
width of A[Ca]  were similar to those of d~[CaT]/dt, and the peak value of A[Ca] 
was approximately equal to the peak value of dA  [Car] / dt multiplied by (  kl [EGTA]  R) - 1, 
with  (kl[EGTA]R) -1  =  22  ~s.  As mentioned above in connection with Fig.  8 A, 
these  similarities  are  expected  from  Eq.  A10  and  the  choice  of the  value  of 
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From the results described in this and the preceding section, it seems reasonable 
to conclude that, under the conditions of our experiments, the main effect of pHR 
in the range 6.7-7.1 was on the value of [CasR]R. Apart from this, pH appeared to 
have little effect on the physiological mechanisms associated with SR Ca release. 
The Second Action Potential in a Train Releases  Fractionally Less Ca Than the First 
Action Potential, Probably Because of Ca Inactivation of Ca Release 
In the experiment in Fig. 8 B, the amount of Ca released from the SR by the second 
action potential was about haft that released by the first action potential. The in- 
crease in [CAT] elicited by the n th action potential can be divided by the SR Ca con- 
tent just preceding that action potential to give fn, the fractional amount of Ca re- 
leased by the n ~ action potential (a generalization of the definition given above for 
ft). The experiment in Fig. 8 B gives fl =  0.133, f2 =  0.076, f3 =  0.075, f4 =  0.069, 
and f5 =  0.071. The value off~ was reduced almost twofold from n  =  1 to 2 and 
then remained relatively constant from n =  2 to 5. 
The ratiofjfl  in a 50 Hz tetanus was determined in 11 of the 12 fibers listed in 
Table II  (one fiber could not be used because it was  stimulated  at 10 Hz). The 
mean value offJfl was 0.612 (SEM, 0.014). There was no significant effect of pHR 
or [Ca]R onf2/fl  (not shown). 
A similar but more marked reduction in SR Ca release has been inferred in other 
experiments in which [Ca] transients were measured with low affinity indicators in 
intact fibers (Baylor et al., 1983)  and in cut fibers equilibrated with solutions that 
contained only 0.1 mM EGTA (Maylie et al., 1987c). Fig. 8 B in Pape et al.  (1993) 
shows a cut fiber experiment in which PDAA was used to measure the [Ca] signal. 
In this experiment, SR Ca release was estimated to have decreased fivefold from the 
first to the second action potential. A likely explanation of this decrease is that Ca 
inactivation of SR Ca release had been elicited by the first action potential, and that 
this inactivation reduced the amount of Ca released by the second action potential. 
The finding that the mean value of~/fl in the experiments reported here was less 
than unity suggests that Ca inactivation of Ca release is still able to develop in fibers 
equilibrated with 20 mM EGTA. The following article (Jong et al., 1995) describes 
some of the properties of this inactivation. 
Estimates of the Concentration of Ca Complexed by Troponin and Parvalbumin 
after a Single Action Potential 
For the EGTA-phenol red method to provide a reliable estimate of SR Ca release, 
most of the  Ca  that leaves  the  SR and  enters the  myoplasm must be bound  by 
EGTA. It therefore seemed important to estimate the concentration of Ca that is 
bound by troponin and parvalbumin and to compare that amount with the amount 
of Ca bound by EGTA. 
The first three traces in Fig.  11  show the action potential,  A[Ca],  and  A[CaT] 
from the experiment in Figs. 4 and 8 A. The bottom two traces show estimates of 
A [CaTrop] and A [CaParv], the myoplasmic concentrations of Ca bound to the Ca- 
regulatory sites on troponin and to the Ca,Mg sites on parvalbumin, respectively, 
minus their corresponding resting values. These estimates were calculated from the PAPE ET AL.  Ca Release in Cut Fibers Equilibrated  with EGTA  291 
spatially averaged free [Ca] signal, given by A[Ca]  +  [Ca]R, as described by Baylor 
et al.  (1983); the values of concentrations and rate constants of troponin and parv- 
albumin are given in the legend of Fig. 11. 
According to the A[CaTrop] signal in Fig.  11, 68 p~M Ca was rapidly bound to 
troponin during the  [Ca]  transient. After the  [Ca]  transient was over, Ca dissoci- 
ated from troponin with  a  rate  constant that was approximately equal  to the as- 
sumed off rate constant for troponin,  115 s-L On the other hand, the A[CaParv] 
signal shows a rapid initial increase of 38 o~M. The signal remained constant for the 
next 20-30 ms and then began a small, slow increase. 
The concentration of Ca that was bound to troponin and parvalbumin was esti- 
mated from the spatially averaged free [Ca] signal in the 12 fibers used in Table II. 
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FmURE 11.  Estimated time  course of Ca bind- 
ing to troponin and parvalbumin after a single ac- 
don potential. The first three traces show the ac- 
tion potential, A[Ca], and A[Cax] from Fig. 8 A, 
plotted on the same time scale used in Fig. 4. The 
time course of spatially averaged myoplasmic free 
[Ca], equal to A[Ca]  plus  [Cairo was used to cal- 
culate  the  time  courses  of  [CaTrop]  and  [Ca- 
Parv]. The bottom two traces show the changes 
with respect  to  the  resting values,  indicated  re- 
spectively by A[CaTrop] and A[CaPalv]. The cal- 
culations were carded out as described by Baylor 
et al. (1983), model 2, except that the concentra- 
tion of parvalbumin was 0.75 mM (Hou, Johnson, 
and RaU,  1991). The concentration of Ca-regula- 
tory sites on troponin (two sites per molecule) was 
0.24 mM and the dissociation constant was 2 p,M; 
the  forward  and  backward  rate  constants were 
0.575 x  108 M-is -] and 115 s  -], respectively. The concentration of Ca,Mg sites on parvalbumin (two 
sites per molecule) was 1.5 raM. The dissociation constant of the sites for Ca was 4 nM, and the for- 
ward and backward rate constants were 1.25 x 108 M  -I s  -1 and 0.5 s  -1, respectively. The dissociation 
constant of the sites for Mg was 91 pM, and the forward and backward rate constants were 3.3 ￿  104 
M  -1 s  -1 and 3.0 s  -1, respectively. [Mg]R  = 1 mM; [Ca]R = 0.054 IxM; [Trop]R = 233.7 txM; [Parv]R  = 
59 IxM.  The 200-~M vertical calibration bar applies to the A[CaT], A[CaTrop], and A[CaParv] 
traces. 
Columns 1-6 in Table III give a  summary of the results.  Column 1 gives the fiber 
references arranged in the same order used in Table II. Column 2 gives the values 
of A [Car] from column 4 in Table II. Columns 3 gives the peak values of A [CaTrop] 
and column 4 gives these values normalized by [Trop]a, the concentration of Ca- 
regulatory sites that were Ca-free at rest.  The values in both columns show a slight 
increase from top to bottom, consistent with the increase in the peak amplitude of 
the A[Ca] signal from top to bottom (column 10 in Table II). The mean values of 
A [CaTrop] and A [CaTrop] /  [Trop] R are 69 txM and 0.30, respectively. 
Columns 5 and 6 give the values of the initial rapid increases in A [CaParv] and 
A[CaParv]/[Parv]R, respectively;  [Parv]R represents  the  concentration  of Ca,Mg 
sites  that were divalent-cation-free at rest.  In all but the first fiber  (415911),  the 292  THE JOURNAL OF GENERAL PHYSIOLOGY  ￿9 VOLUME 106  ￿9 1995 
[Ca]  signals were  sufficiently  large  to cause  Ca  to bind  to more  than  haft of the  sites 
on  parvalbumin  that  were  divalent-cation-free  at rest  (column  6). Since  the  concen- 
tration  of these  sites decreases  as the value  of  [Ca] R increases,  the values of A [CaParv] 
decrease  from  top  to bottom  (column  5),  especially  in the  last few entries  in the  ta- 
TABLE IlI 
Estimates of the Concentration of Ca Bound to Troponin  and Parvalbumin after a 
Single Action Potential  in Fibers Equilibrated  with 20 mM EGTA 
(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8) 
Fiber  A[CaTrop] /  A [CaParv/  Scaling 
reference A[CaT]  A[CaTrop]  [Trop]a  A[CaParv]  [Parv]R  factor  -(3)  ￿  (7) 
~M  ~M  ~M  ~M 
415911  228  38  0.16  39  0.47  0.08  -2.9 
010911  299  61  0.26  40  0.58  0.31  -19.1 
420921  316  61  0.26  40  0.59  -0.10  6.3 
417921  309  57  0.24  37  0.57  -0.18  10.4 
923911  287  57  0.24  36  0.56  -0.08  4.5 
423911  370  70  0.30  42  0.66  -0.07  5.0 
425911  395  75  0.31  43  0.69  0.30  -22.2 
925911  366  68  0.29  38  0.65  -0.08  5.6 
406921  407  76  0.33  33  0.69  -0.06  4.8 
401921  455  81  0.35  30  0.73  -0.01  1.1 
402921  534  91  0.40  27  0.78  -0.26  23.6 
402922  539  90  0.40  24  0.79  -0.20  18.2 
Mean  375  69  0.30  36  0.65  -0.03  2.9 
SEM  28  4  0.02  2  0.03  0.05  3.8 
Column 1 gives the fiber references arranged in the same order used for Table II. Col- 
umn 2 gives the values of A[Car] elicited by a single action potential, from column 4 in 
Table II. Columns 3 and 5 give the initial rapid increases in the amounts of Ca that were 
bound to the Ca-regulatory sites on troponin and the Ca,Mg sites on parvalbumin, re- 
spectively. These values were calculated from the free [Ca] waveform as described in the 
text and legend of Fig. 11. Columns 4 and 6 give the values of A [CaTrop]/[Trop]rt and 
A[CaParv]/[Parv]R,  respectively. The values of A[CaTrop]  and A[CaParv] were taken 
from columns 3 and 5, respectively, and the values of [Trop]R and [Parv]s were calcu- 
lated from the parameters in the legend of Fig. 11 and from the values of [Ca]R in Table 
If. Column 7 gives the values of the scaling constant obtained from a least-squares fit of 
each A[CaTrop] trace, plus a sloping straight line, to the corresponding A[CaT]  trace; 
the fit was done from the time when the A[CaTrop]  trace had decayed to half its peak 
value to 100 ms after stimulation. Column 8 gives the negative value of the product of the 
values in columns 3 and 7. This represents a revised estimate of the peak amount of Ca 
that was bound to the Ca-regulatory sites on troponin, calculated from the amount of Ca 
that appeared to become complexed with EGTA during the time when Ca was expected 
to dissociate from troponin. See text for additional information. 
ble. The  mean  values  of A [CaParv]  and  A [CaParv]/[Parv]R  are  36 tzM and  0.65, re- 
spectively. 
Taken  at face value,  the  mean  values  in columns  2, 3, and  5  indicate  that  a  single 
action  potential  released,  on  average,  375  +  69  +  36  =  480  IxM Ca  (referred  to myo- PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  293 
plasmic concentration) from the SR into the myoplasm. Of this, 375/480  =  0.78 
was captured by EGTA.  Although such a large fractional capture of Ca by EGTA is 
adequate for most of the conclusions in this article, the following section shows 
that there is good reason to believe that the actual fraction was even larger. 
The Peak Values of A [  Ca Tropl and A [ CaParv] Estimated from Spatially Averaged 
A [Ca] Signals Are Probably Too Large 
The results in columns 4 and 6 in Table III suggest that, even in fibers equilibrated 
with  20  mM  EGTA, an action-potential stimulated  free  [Ca]  transient is  able  to 
complex 0.30 of the Ca-regulatory sites on troponin and 0.65 of the Ca,Mg sites on 
parvalbumin that were divalent-cation-free at rest. Appendix D shows that these es- 
timates of the extent of Ca complexation are probably too large because they fail to 
consider the spatial profile of free [Ca] inside the myoplasm. 
Fig. 17 A shows theoretical loci of r and z that are associated with different steady 
state values of A[Ca]  inside one half of an idealized cylindrical myofibril of diame- 
ter 1 p-m and length 3.6 p-m; the value of r varies from 0 to 500 nm and the value of 
z varies from 0 to 1,800 nm. Ca release was assumed to take place at a ring source at 
the Z-band. The value of SR Ca release was taken to be 140 p.M/ms, which is similar 
to the mean peak value of 143 p-M/ms in column 7 of Table II. 
Loci of A[Ca] such as those in Fig. 17 A can be used to construct loci of different 
steady state values of A [CaTrop]/[Trop] R and quasi-steady state values of A [CaParv]/ 
[Parv]R;  the  loci for parvalbumin  were  calculated  with  [MgParv]  =  [MgParv]R, 
which is expected to be a good approximation immediately after a brief [Ca] tran- 
sient. These loci, which are shown in Fig. 17, B and C, respectively, give spatially av- 
eraged values A [CaTrop] /  [Trop] R =  0.253 and A [CaParv] /  [Parv] R =  0.314. These 
values are smaller than the mean values in Table III calculated from the spatially av- 
eraged  [Ca]  transients,  0.30 and 0.65,  respectively. The  difference is more pro- 
nounced for parvalbumin  than  for troponin,  mainly because  parvalbumin  is  as- 
sumed to be distributed uniformly throughout the sarcomere whereas troponin is 
located closer to the SR Ca release sites. 
The  values  of A[CaTrop]/[Trop]R  and  A[CaParv]/[Parv]R  associated  with  a 
brief [Ca]  transient, however, are expected to be smaller than the steady state val- 
ues obtained from Fig. 17, B and C. Preliminary calculations with the A[Ca]  signal 
in Fig. 11 indicate that the peak value of A [CaTrop] /  [Trop]  R should be reduced to 
N0.17, which corresponds to A [CaTrop] =  40 p-M. If the peak value of A [CaParv] / 
[Parv]R is reduced to a similar extent, A[CaParv]/[Parv]R =  (0.17/0.253)  ￿  0.314 = 
0.21, which corresponds to A[CaParv]  =  12  p~M. With  these revised estimates of 
A[CaTrop]  and A[CaParv], a single action potential appears to have released, on 
average, 375  +  40  +  12  =  427 p-M Ca into the myoplasm and EGTA appears to 
have successfully captured 375/427 =  0.88 of it. 
For reasons that are not entirely clear, the value of 40 p-M that was estimated for 
A[CaTrop]  in the preceding paragraph  is probably larger than  the actual value. 
During the falling phase of the A [CaTrop] signal in Fig. 11, Ca is expected to have 
dissociated from troponin and to have been bound by EGTA. Thus, there should 
have been a slow secondary increase of A[CaT]  (= A[CaEGTA]) that matches the 
decrease in A[CaTrop]. (Such an increase would be analogous to the secondary in- 294  THE JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
crease in  A[CaEGTA]  that occurs in  the presence of fura-2 when Ca dissociates 
from Cafura-2 and is bound by EGTA, as illustrated in the experiment in Figs. 5 
and 6.) Contrary to this expectation, the A[CaT] signal was essentially constant dur- 
ing this period. 
A possible explanation for the flat A [CAT] trace in Fig.  11 is that Ca binding by 
the Ca-regulatory sites on troponin is associated with a release of protons and that 
the stoichiometry of the release is the same as that of EGTA, 1 Ca:2 protons. In this 
case, a transfer of Ca from troponin to EGTA would not be expected to be associ- 
ated with a change in myoplasmic pH. This possibility is considered to be unlikely 
because (a) the Ca-regulatory sites on troponin do not appear to exchange Ca for 
protons in the same way that EGTA does (see discussion on page 511 of Pape et al., 
1990) and  (b)  the pH signal measured without EGTA is small and essentially con- 
stant during the period when Ca is expected to dissociate from troponin  (Baylor, 
Chandler, and Marshall, 1982a; Irving et al., 1989; Hollingworth and Baylor, 1990). 
Thus, the flat A [CAT] trace suggests that little Ca dissociated from troponin during 
the first 200 ms after the action potential. This could be due either to an extremely 
slow rate of Ca dissociation or, more likely, to a reduction in the actual concentra- 
tion of Ca bound to troponin. 
An attempt was made to obtain an estimate of the concentration of Ca that was 
actually bound to troponin after an action potential. To do this, the A [CAT] trace in 
Fig.  11 was least-squares fitted  (fit not shown)  with a  sloping straight line plus a 
scaled contribution from the A[CaTrop]  trace. Since a  decrease in A[CaTrop]  is 
expected to be associated with an increase in A[CaT], the scaling constant for the 
A[CaTrop] signal is expected to be negative. The fit was carried out from the time 
that the A[CaTrop]  trace had decreased to half its peak value to 100 ms after the 
stimulus for the action potential. The scaling factor for the A[CaTrop]  trace was 
-0.083,  consistent with the idea that only a  small concentration of Ca, equal to 
0.083 ￿  68 ~M =  5.6 ~M, had actually been bound to troponin at the time of peak 
binding. 
Column 7 in Table III gives the values of the scaling constant obtained from a 
least-squares fit of each A[CaTrop] trace, plus a sloping straight line, to the corre- 
sponding A[Cax] trace, as described in the preceding paragraph. Column 8 gives 
the negative values of the product of columns 3 and 7. These represent a revised es- 
timate of the peak value of A[CaTrop]. This suggests that, on average, only 2.9 p~M 
Ca was actually complexed by troponin.  With A[CaEGTA] -- 375 p~M, A[CaTrop]  = 
3 ~M, and A[CaParv]  =  12 p~M (see above), it appears that EGTA was able to cap- 
ture, on average, 375/(375 +  3 +  12) =  0.96 of the Ca released from the SR. 
The apparent ability of EGTA to prevent the binding of Ca to troponin is consis- 
tent with the observation of Palade and Vergara (1982) that movement artifacts are 
reduced considerably in cut fibers equilibrated with t>3 mM EGTA. Possible expla- 
nations for the apparent failure of troponin to bind as much Ca as expected from 
Appendix D  include  (a)  EGTA is able to spatially limit the increase in free  [Ca] 
near the SR release sites more than predicted by Appendix D  (perhaps by binding 
to myoplasmic sites near the SR Ca channels);  (b)  EGTA, by some other unspeci- 
fied means, is able to alter the characteristics of Ca binding to troponin; (c) the as- 
sociation rate constant of Ca and troponin is smaller than the value 0.575  X  l0  s PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  295 
M-ls-a used to calculate A [CaTrop]; (a  t) the amplitude or duration of the free [Ca] 
transient is overestimated in our experiments (and consequently overestimated in 
the theoretical analysis). 
The Value of SR Ca Content Estimated with Volt,e-clamp Depolarizations  Is Similar 
to that Estimated with a Train of  Action Potentials 
Fig. 12 shows superimposed traces of voltage (top) and A[CaT] signals (bottom)  from 
a voltage-clamp experiment in which the fiber was depolarized, in chronological 
order,  to  -50  (trace  1),  -40  (trace  2),  -30  (trace  3),  -20  (trace  4),  and  -50 
(trace 5) mV.  A 5-min recovery interval preceeded each pulse to allow the SR to re- 
accumulate most of the Ca that had been released by the preceding pulse (cf. Fig. 3). 
The external solution was nominally Ca-free so that Ca could not enter the fiber 
during the prolonged depolarizations. 
After depolarization, each A[CaT]  signal in Fig.  12 increased to a  quasi-plateau 
l  4 
t  $ 
1,5 
I  I 
0  ~  ~Jtm~  1000 
F1ouPa~ 12.  Effect of pulse potential on the am- 
plitude of the A[CaT] signal elicted by a long last- 
ing step depolarization. The top and bottom sets 
of traces show voltage and A[CaT], respectively. 
The measurements were made at 5-min intervals 
in the order indicated. Fiber reference, 015911; 
time after saponin  treatment,  150-170 rain; sar- 
comere length, 3.4 l~m; fiber diameter,  153 ~m; 
holding  current, -51  to  -52 nA; temperature, 
14~  phenol red concentration at the optical site, 
1.760-1.828 mM; estimated pHR and free [Ca]R, 
6.808-45.801 and 0.087--0.091 I~M, respectively;  in- 
terval of time between data points, 0.96 ms. The 
TEA-gluconate solution was used in the central 
pool;  the  Cs  glutamate  solution  with  20  mM 
EGTA plus 1.76 mM Ca and 0.63 mM phenol red 
was used in the end pools. 
value with  a  rate  that increased with  increasing voltage. The peak values of the 
A[CaT]  traces were 2,416 ~M  (trace  1), 2,385  txM  (trace 2), 2,366 ~M  (trace 3), 
2,345  Is,  M  (trace 4), and 2,295 I~M  (trace 5). These values are similar to one an- 
other except for a small progressive decrease of ~1% after each trial; a small pro- 
gressive decrease was observed in all of our experiments and may be due, at least 
partially, to fiber run down. These results are generally consistent with the idea that 
the value of [CaSR]R Can be estimated from the peak value of A[CaT] during a de- 
pleting voltage step and that this value is independent of the magnitude of the volt- 
age step. 
Values of [CasR]R were estimated from long lasting voltage-clamp steps in  11 fi- 
bers. The mean values of pHR and  [Ca]R were 6.864 (SEM, 0.009)  and 0.068 ~M 
(SEM, 0.003 ~M) respectively, and the mean value of [CasR]R was 2,544 ~M (SEM, 
70 I~M). These mean values are marked by the intersection of the arms of the large 
asymmetrical cross in Fig. 9; the range of values is marked by the horizontal and 296  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9 1995 
vertical excursion of the cross. The range of values of pHR, and therefore of [Ca]R, 
was narrower in these voltage-clamp experiments  than  in the action-potential  ex- 
periments, for reasons that are not known. Within this range, the values of [CasR]R 
were similar  in the  two kinds  of experiments,  indicating  that, with  20 mM EGTA 
plus  1.76 mM Ca in  the  end-pool solutions,  the  Ca content of the  SR is little  af- 
fected by whether K or Cs is in the internal solution or by whether Ringer's solution 
or the Ca-free TEA-gluconate solution is used for the external solution. 
Ca Inactivation  of Ca Release Is Able to Develop during Voltage-clamp Depolarizations 
in Fibers  Equilibrated with 20 mM EGTA 
Fig.  13 shows traces obtained during a  350-ms voltage-clamp depolarization  to 60 
mV. The top trace shows voltage and the second trace shows A[CaT]. The A[CaT] 
0 
0 
~[  #  A[CaT] 
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FIGURE 13.  SR Ca release during a step depolar- 
ization to 60 mV. The first three traces show, from 
top to bottom, voltage, A[CaT], and dA[CaT]/dt. 
The next trace shows dA [CaT]/dt after correction 
for SR Ca depletion; the value of [CasR]R  before 
depolarization was taken to be 2,779 ktM, the peak 
value  of A[CaT] during  the  pulse.  The  bottom 
trace shows A[Ca].  Fiber reference, 412911; time 
after  saponin  treatment,  57  rain;  sarcomere 
length, 3.5 ~m; fiber diameter, 127 p,m; holding 
current,  -32 nA; temperature,  14~  concentra- 
tion of phenol red at the optical site, 0.957 mM; 
estimated pHR and free  [Ca]R, 6.868  and 0.066 
p.M, respectively;  interval  of time  between  data 
points, 0.96 ms.  The TEA-gluconate  solution was 
used in the central pool; the Cs-glutamate  solu- 
tion with 20 mM EGTA plus 1.76 mM Ca and 0.63 
mM phenol red was used in the end pools. 
trace started to increase soon after the depolarization and, by the end of the pulse, 
had reached a plateau level of 2,779 ~M, which is taken to be the value of [CasR]R. 
After repolarization, A [CAT] slowly decreased, similar to the slow decrease observed 
after the train of action potentials in Fig. 8 B. 
The third trace in Fig. 13 shows dA[CaT]/dt. This signal reached a peak value of 
68 I~M/ms ~11  ms after depolarization.  It then rapidly decreased to about half its 
peak value and  thereafter  slowly decreased  to zero.  Since  the  time  course  of the 
slow decrease was similar to that of the estimated  readily releasable  Ca content of 
the SR, given by [CasR]  =  [CasR]R --  A[CaT], it was likely due to SR Ca depletion 
(Schneider, Simon, and Szfics, 1987). 
The fourth trace in Fig.  13 shows dA[CaT]/dt after correction for SR Ca deple- 
tion. At each moment  in time,  the value of dA[CaT]/dt was divided by [CasR]R -- PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  297 
A[Cax]  and multiplied by 100 to give units of percent per millisecond. After the 
early peak (2.91%/ms), the signal rapidly decreased to a quasi-steady level (1.86 %/ 
ms, averaged 25-54 ms after the beginning of the step), with a quasi-steady to peak 
ratio of 1.86/2.91  =  0.64. At later times, the trace became noisy because of the de- 
pletion correction. 
The bottom trace in Fig. 13 shows the estimated time course of A[Ca]. The peak 
value was 1.62 ~M and the value at the end of the 350 ms pulse was 0.64 I~M. 
Similar results were obtained in another experiment in which a fiber was also de- 
polarized to 60 mV. The peak value of dA[CaT]/dt was 71  I~M/ms or 3.32%/ms, 
the quasi-steady value was 1.85 %/ms, and the quasi-steady to peak ratio was 0.56; 
[CasR]R =  2,483 I~M and the peak and final values of A[Ca] were 1.68 and 0.48 o.M, 
respectively. 
The extent of the early rapid decrease of the clA[Cax]/dt signal in both experi- 
ments is similar to, but less marked than, that inferred in previous experiments in 
which [Ca] transients were not modified by EGTA or any other extrinsic Ca buffer. 
For example, in other cut fiber experiments carried out in this laboratory with only 
0.1 mM EGTA in the end-pool solutions, the quasi-steady to peak ratio of dA [Car] / 
dr, corrected for SR Ca depletion, was 0.2-0.3  (columns 2 and 3 in Table IIIA in 
Jong et al., 1993) instead of 0.64, as observed in Fig. 13, or 0.56, as observed in the 
other experiment. Schneider and Simon  (1988)  and Simon et al.  (1991)  showed 
that the decrease observed with unmodified [Ca]  transients is probably due to Ca 
inactivation of Ca release. Because the decrease observed in Fig. 13 is qualitatively 
similar to that studied by Schneider and Simon (1988) and Simon et al.  (1991), it 
seems likely that it, too, was caused by Ca inactivation of Ca release, even though 
the A[Ca]  signal had been severely attenuated by equilibration of the fiber with 
20 mM EGTA. 
The main conclusion from these and other similar voltage-clamp experiments is 
that, even after equilibration with 20 mM EGTA, Ca inactivation of Ca release is 
able  to  develop  during  a  depolarizating voltage  step.  A  similar  conclusion was 
reached from our action-potential experiments, based on the finding that the value 
off2/fl in a 50 Hz tetanus was clearly less than unity (cf. Fig. 8 B). Additional infor- 
mation about this inactivation and its reduction by EGTA is given in the following 
article (Jong et al., 1995). 
The Peak Rate of SR Ca Release Is Larger after an Action Potential 
Than during a Voltage Step to 60 m V 
In the fibers used for Fig. 10 D, the mean peak rate of SR Ca release was 5.25 %/ms 
after an action potential whereas, in the two experiments described in the preced- 
ing section (Fig. 13), the peak rate of release was 2.91 and 3.32 %/ms (mean value, 
3.12%/ms) during a depolarization to 60 mV. The smaller peak rate during a step 
to 60 mV is surprising since both the amplitude of the depolarization and the time 
required to elicit the peak rate of release were greater with a step to 60 mV than 
with an action potential:  (a) the amplitude of the individually recorded action po- 
tentials varied from 125 to 139 mV with respect to the holding potential, -90 mV, 
or from 35 to 49 mV with respect to 0 mV and (b) the time to peak rate of SR Ca re- 298  THE JOURNAL OF GENERAL PHYSIOLOGY  ￿9  VOLUME 106  ￿9  1995 
lease is achieved only a few milliseconds after an action potential whereas ~10 ms is 
required after a depolarization to 60 mV. 
A possible explanation of this difference is that the SR Ca release sites were par- 
tially inactivated in the voltage-clamp experiments because Ca in the external solu- 
tion had been replaced with Mg, an ionic substitution that shifts the inactivation 
curve of SR Ca release to more negative potentials (Brum, Rfos, and Stefani, 1988). 
Such inactivation cannot account for the smaller rates of release in our voltage- 
clamp experiments because similar small rates were observed with 1.8 mM Ca, in- 
stead of 10 mM Mg, in the external solution (Jong et al., 1995). 
Several other explanations can be suggested, based on differences in the compo- 
sition of the internal and external solutions in the action-potential and voltage- 
clamp experiments. One of these is that the membranes of the transverse tubules 
may be depolarized more rapidly by a regenerative Na spike during an action po- 
tential than by passive electrotonic spread during a step depolarization with TEA 
and TTX in the external solution. This, in turn, may allow SR Ca release to be syn- 
chronized throughout the cross section of a fiber so that the peak rate occurs si- 
multaneously throughout the fiber before attenuation by Ca inactivation of Ca re- 
lease. This explanation is consistent with the rapid speed with which Ca inactiva- 
tion of Ca release is able to develop, with a time constant of 2-4 ms (Fig.  13 and 
Jong et al., 1995). 
SR Ca Release Is Steeply Voltage  Dependent When No More Than One 
Channel in 10' Is Open 
Previous experiments have shown that SR Ca release is steeply voltage dependent, 
both in intact fibers (Baylor and Chandler, 1978; Baylor, Chandler, and Marshall, 
1979, 1983; Miledi, Nakajima, Parker, and Takahashi, 1981) and in cut fibers equil- 
ibrated with only 0.1 mM EGTA (Maylie et al., 1987b,  c). Near the threshold for de- 
tectable Ca signals,  the amplitude of peak free [Ca]  increases e-fold for each 2-4 
mV increase in depolarization. Because the e-fold parameter for Ca release is ~1 
mV larger than that for peak free [Ca] itseff (Baylor et al., 1983),  the e-fold param- 
eter for SR Ca release is probably 3-5 mV.  In all of these experiments, little extrin- 
sic Ca buffer (including the indicator) was introduced into the myoplasm so that 
physiologically  normal increases in myoplasmic free [Ca] were able to occur. 
The voltage dependence of SR Ca release can also be determined with the EGTA- 
phenol red method, under conditions in which changes in myoplasmic free [Ca] 
are minimized by EGTA. As in all of the voltage-clamp experiments reported in this 
article, Ca was removed from the external solution and replaced with 10 mM Mg so 
that movements of Ca into the fiber during depolarization could not play a role in 
the regulation of SR Ca release---for example, by Ca-induced Ca release--or con- 
tribute directly to A[CaT]. 
The upper trace in Fig. 14 A shows a representative voltage record and the lower 
superimposed traces show &[CAT] signals elicited by 400-ms step depolarizations to 
the voltages indicated (in millivolts). In this experiment, each depolarization was 
followed by a 500-ms repolarization to the holding potential, after which a 600-ms 
pulse to -35 mV was given to deplete the SR of any remaining Ca. A recovery pe- 
riod of 5 min was used before each trial so that the SR would be able to reaccumu- 299 
/ 
late almost all of the Ca released by the preceding pulse  (cf. Fig. 3). The value of 
[CasR]R was 2,594  ~M when  the first trace was taken, to the test depolarization of 
-  72 mV. It decreased slightly with each trial during the experiment and was 2,447 
~M when the last trace was taken, to -57  mV. 
The A[CaT]  traces in Fig. 14 A rise after an initial delay, which became briefer as 
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FIcum~  14.  Voltage dependence of SR Ca release, from the fiber used for Fig. 12.  (A) The top 
trace shows a representative voltage record. The bottom superimposed traces show A[CaT] at the 
voltages indicated (in millivolts). Each depolarization was followed by a 500-ms repolarization to 
-90 mV and a 600 ms depolarization to -35 mV (not shown), which depleted the SR of Ca. The in- 
terval between successive stimuli was 5 min. (B) Filled circles show the values of d~ [CAT]/dt plotted 
semilogarithmically  against Vl(00), the steady value of potential during the pulse in the voltage-mea- 
suring end pool. The values of dA  [CaT]/dt were determined from least-squares fits of straight lines 
to the A[CaT] traces in panel A and two other traces from the same experiment. For V~-66 mV, 
the traces were fitted between 150 and 400  ms. For V ~-63  mV, the traces were fitted between 
A[CaT] =  25 and 100 ~M. The straight line in B was least-squares fitted to the filled circles. Its slope 
corresponds to an e-fold increase in dA[CaT]/dt  every 3.73 inV. During the course of the experi- 
ment, the voltage of the first pulse was progressively  increased from -80 to -57 mV. The following 
list gives, in order, the first and last values of each variable: time after saponin treatment, 76-116 
min; holding current, -48 to -49 nA; concentration of phenol red at the optical site, 1.098-1.572 
mM; estimated prig and free [Ca]R, 6.853-6.830 and 0.071-0.079 ~tM, respectively; [CaSR]R, 2,594- 
2,447 ~M; interval of time between data points, 0.96 ms.  The other information is the same as that 
given in the legend of Fig. 12. 
the voltage was made more positive. Thereafter, the slope of each A[CaT]  trace be- 
came approximately constant. At voltages t> -63  mV, the initial slope of each curve 
was slightly greater than the final slope. Since the change in Ca content of the SR 
was ~<100 ~.M, corresponding to ~<4% of the value of [Cass], this change in slope is 
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of Ca release (Baylor et al., 1983; Simon et al., 1985, 1991; Schneider and Simon, 
1988).  Unfortunately, it is difficult to tell whether a  similar change  in slope  oc- 
curred at voltages <-63  mV because of noise in the records. 
A sloping straight line was least-squares fitted to each trace in Fig. 14 A and to two 
additional traces from the same experiment. The fit extended from 150 to 400 ms 
for V~  <  -66 mVand from A [CAT] =  25 to 100 ~zM for V~  >  -63 mV. Fig. 14 B shows 
a semilogarithmic plot of the slope, dA [CAT]/dt, as a function of voltage. A straight 
line was least-squares fitted to the data between -80 and -57 mV, as shown. It pro- 
vides a good fit over a range of values of dA [CAT]/dt that span more than two or- 
ders of magnitude. At potentials more positive than -57 mV, the experimental val- 
ues of clA[CaT]/dt lie below the extrapolated line  (not shown). The slope of the 
line corresponds to an e-fold increase in dA [CAT]/dt every 3.73 mV. In four experi- 
ments of this type, the mean e-fold factor was 3.48 mV (SEM, 0.16 mV). 
It is apparent in Fig. 14 that the rate of SR Ca release was steeply voltage depen- 
dent even when its value was as small as 0.01 ~M/ms. This is four orders of magni- 
tude smaller than the peak rate of Ca release, 70 ~M/ms, that was observed in this 
fiber with  strong depolarizations  (not shown).  The maximal rate  of release that 
would have been observed in the absence of Ca inactivation of Ca release, with all 
of the SR Ca channels open, is probably >70 ~M/ms  (Tong et al., 1995). Further- 
more, according to Eq. A10 and a value of 22 ~zs for (ka [EGTA] R)-1, a value of 0.01 
p~M/ms for cIA[CaEGTA]/dt corresponds to a value of 0.22 nM for spatially aver- 
aged myoplasmic A [Ca]. 
Thus, SR Ca release is steeply voltage dependent under conditions in which no 
more than one SR Ca channel in 104 is open and the value of spatially averaged myo- 
plasmic free [Ca] increases by only 0.2 nM, an amount that is insignificant with re- 
spect to the value of [Ca]R, 0.071-0.079 p~M. These results make it very unlikely that 
the voltage steepness of SR Ca release depends on changes in spatially averaged myo- 
plasmic free [Ca]. According to the ideas developed in the Discussion, if the spatial 
distribution of open SR Ca release sites is random, the voltage steepness of release 
is most likely a property of the voltage sensor in the membranes of the transverse 
tubular system that regulates a single release site.  Such a site might consist of a sin- 
gle SR channel or a collection of channels that function as a singly gated unit (for 
example,  a  single  voltage-gated  channel  and  neighboring  channel(s)  that  are 
slaved to it). 
The EGTA-Phenol Red Method Is Able to Measure Extremely Small 
Rates of SR Ca Release 
The EGTA-phenol red method is able to measure much smaller rates of SR Ca re- 
lease than methods that rely on the free [Ca] transient measured with a low affinity 
Ca indicator. For example, in the experiment in Fig. 14, the rate of SR Ca release at 
-75 mV was ,'-~0.01 ~M/ms. If myoplasmic Ca had not been buffered by EGTA, the 
myoplasmic free [Ca] transient should have reached a peak within the first 100 ms 
of the depolarization (for example, Maylie et al., 1987b, c) and, if the rate of SR Ca 
release had been the same (including the delay as observed in Fig. 14 A), the value 
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The value of free A[Ca] is expected to have been much less than 1 ~M because of 
Ca binding to troponin and parvalbumin. With troponin, for example, the concen- 
tration of Ca-regulatory sites is ~240  I~M  (Baylor et al.,  1983)  and their KD is ex- 
pected to be  ~<2  I~M  (Zot and  Potter,  1987).  Consequently, for small values of 
A[Ca],  A[Ca]/A[CaT]  <  A[Ca]/A[CaTrop]  ~<  2/240. The presence of parvalbu- 
min is expected to reduce the value of Z~ [Ca]/A [Caa-] even more. Thus, for a value 
of A[CaT]  <  1 I~M, the value of myoplasmic free A[Ca]  is expected to be <0.01 
I~M.  This value is much too small for a reliable estimate of SR Ca release to be ob- 
tained from the [Ca] transient measured with a low affinity Ca indicator. 
DISCUSSION 
The experiments reported in this article show that equilibration of cut muscle fi- 
bers with 20 mM EGTA reduces, by sevcralfold, both the amplitude and duration of 
the spatially averaged myoplasmic free A[Ca] signal elicited by an action potential. 
In spite of these reductions, many properties of SR Ca release--such as the amount 
of release after an action potential, the peak rate of release, and its time course-- 
are similar in a general way to those estimated previously in cut fibers with unmodi- 
fied free  [Ca]  transients  (Maylie et al.,  1987a, c,  Hirota et al.,  1989;  Pape  et al., 
1993).  Our voltage-clamp experiments suggest that the only important effect ex- 
erted by 20 mM EGTA on the SR Ca release mechanism is a reduction in Ca inacti- 
vation of Ca release. For example, the quasi-steady to peak ratio of dA [CAT]/dt dur- 
ing a step depolarization was larger in our EGTA experiments than in experiments 
in which the [Ca] transient was not modified.  Additional information about Ca in- 
activation of Ca release and its reduction by EGTA is presented in the following ar- 
ticle (Jong et al., 1995). 
SR Ca Release  Is Steeply Voltage  Dependent Even When Each Open Channel Is 
Screened  from the Effects of Ca f'rom Other Open Channels 
In Fig.  14,  the voltage dependence of the rate of SR Ca release was found to be 
steeply voltage dependent when the rate of release was as small as 0.01  I~M/ms. 
Moreover, the voltage dependence appeared to be constant over a range of values 
of d~[Caz]/dt that spanned more than two orders of magnitude. The only source 
of Ca that was available to enter the myoplasmic solution was inside the SR; Ca was 
omitted from the external solution so that Ca fluxes into the fiber could not con- 
tribute directly to A [CAT] or, in some unspecified way, affect the regulation of SR 
Ca  release.  Consequently,  during  depolarization,  local  increases  in  myoplasmic 
free [Ca] are expected to have developed only near the mouth of each open chan- 
nel. The aim of this section is to determine how many SR Ca channels are required 
to give a rate of release of 0.01  t~M/ms and to inquire whether neighboring open 
channels are able to "communicate" with one another through the local increases 
in [Ca] that develop near each open channel. 
As described in Appendix B, if an open channel behaves as a point source of Ca 
flux r  into an isotropic infinite medium, the steady state increment in free Ca con- 
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A[Ca]  =  +  -exp(-r/kc~  )  (B21)  47rDc~r 
Dc~ is the diffusion coefficient of Ca and kCa is defined by 
l  DC  a 
=  (B14)  hCa  k  1 [EGTA] R 
hCa represents the characteristic distance associated with the diffusion of a Ca ion 
before its capture by EGTA. Appendix B gives estimates of Dca, 3.0  ￿  10 -6 cm2/s, 
and ka(EGTA)R, (22 p.s) -1, that are expected to apply to a cut muscle fiber studied 
under our experimental conditions.  These give kc~ =  81 nm. 
The value of (~, in units of number of ions per second, is given by the value of 
dA [CAT]  /dt that would be obtained if all of the channels were open, divided by the 
concentration of SR Ca channels referred to myoplasmic solution. Although  the 
maximal value of dA[CaT]/dt is not known, it clearly must be at least 70 p.M/ms be- 
cause values this large are routinely measured in fibers studied under the same con- 
ditions used in Fig. 14 (results in this article and inJong et al., 1995). It is possible, 
however, that the peak value of dA [CAT]/dt is attenuated by Ca inactivation of Ca 
release  and  that  the  actual  maximal value  of dA[CaT]/dt is  larger  (Jong  et al., 
1995). 
If the concentration of SR Ca channels is the same as that of the foot structures 
described by Franzini-Armstrong  (1975),  the concentration of SR Ca channels is 
~0.27 p.M (Pape, Konishi, and Baylor, 1992). A value of I>70 p,M/ms for dA[CaT]/ 
dt implies a value/>2.6  ￿  l0  s ions/s for (b, which corresponds to a single-channel 
current of t>0.083 pA. For a frog fiber with a sarcomere length of 3.6 p,m, a concen- 
tration of 0.27 p~M SR Ca channels corresponds to a density of N600 channels/p,m 2 
in the plane of the Z-band, where the channels are located in amphibian muscle. If 
p  denotes the  density of open channels  that corresponds to  dA[CaT]/dt --  0.01 
p~M/ms, it follows that p ~< (0.01/70)600 -  0.086 channels/p~m  2. 
Three calculations, described below, suggest that, at this density of open chan- 
nels, 20 mM EGTA is able to shield each open channel from the effects of A[Ca] 
from other open channels. An important assumption in calculations b and c is that 
the open channels are distributed randomly within each cross sectional area in the 
plane of the Z-band. 
(a)This  calculation shows  that  the  mean increase  in  [Ca]  in  the  plane  of the 
Z-band is too small to be expected to have any appreciable influence on Ca chan- 
nel activity. During SR Ca release, the mean value of A [Ca], (A [Ca]), at a distance z 
from the plane of the Z-band is given by 
(z  )  A([Ca])~A[Ca]  ~ca'eXp(-z/hc~)  ￿9  (D13) 
A [Ca]  represents the spatially averaged value of A[Ca], which is equal to 0.22 nM 
when cIA[CaT]/dt =  0.01 ~M/ms  (Eq. A10). With l =  1,800 nm (corresponding to 
a sarcomere length of 3.6 Ixm) and hc~ =  81 nm, the value of (A[Ca]) at z =  0  (in 
the plane of the Z-band) is ~  nM.  This value is too small, especially with respect PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  303 
to [Ca]R, to be expected to influence channel activity.  This value is a mean value, 
however, and larger changes in free  [Ca]  would be expected to occur near open 
channels.  Calculations b and c deal with the change in free [Ca] that is expected to 
occur near a single open channel. 
b) In the plane of the Z-band, the mean distance between an open channel and its 
nearest open neighbor can be shown to be given by the expression (4p) -1/L  With 
P ~< 0.086 channels/~m 2, this distance is I>1.7 t~m.  According to Eq. B21, the value 
of A[Ca] is negligibly small, ~<5 ￿  10 -17 M, for r  I> 1.7 I~m.  (The inequality sign for 
A[Ca]  takes into account the fact that values of p that are  ~<0.086  channels/~m 2 
imply values of ~  that are/>2.6 ￿  105 ions/s.) 
c)In calculation a, the mean value of (A[Ca]) in the plane of the Z-band was esti- 
mated to be ,'~5 nM.  The aim of this calculation is to estimate the fraction of open 
channels that do not have another open channel sufficiently close to increase free 
[Ca] by some minimal amount, which will be taken to be 1 nM.  According to Eq. 
B21, if ~b =  2.6  ￿  105 ions/s  (which corresponds to p  =  0.086 channels per p~m2), 
A[Ca]  =  1 nM at r =  0.45 Ixm.  It can be shown that the fraction of open channels 
that do not have another open channel within a distance r is given by exp(-'rrpr2). 
With P  =  0.086 channels/ixm 2 and  r  =  0.45  p~m, the value of the fraction is 0.95. 
The same calculation carried out with d~ I> 2.6 ￿  105 ions/s  (which corresponds to 
p ~< 0.086 channels per ixm  ~) gives a value of >10.95  for the fraction.  Thus, if the 
conservative assumption is made that free [Ca] must rise by at least 1 nM to have an 
effect on  the  gating  of a  channel,  almost all  of the  open  channels  (I>0.95)  are 
shielded from the effects of Ca from their nearest open neighbors. 
These three calculations, which apply to fibers equilibrated with 20 mM EGTA, 
are based on a  rate of SR Ca release of 0.01  p.M/ms and the assumption that the 
distribution  of open  channels  is  random.  The  same analysis applies if the  func- 
tional unit for Ca release, which will be called a release site, consists of a single Ca 
channel  or a  collection  of neighboring  channels  that function  as a  singly gated 
unit.  A hypothetical example of such a collection can be developed along the lines 
proposed by Rfos and Pizarr6 (1988), based on the structural studies of Block, Ima- 
gawa,  Campbell,  and  Franzini-Armstrong  (1988)  on  muscle  from  toadfish  swim 
bladder: a single voltage-gated SR channel, which is controlled by an apposing volt- 
age sensor in the membranes of the transverse tubules, and adjacent SR channels 
that are not associated directly with voltage sensors but are slaved in an obligatory 
fashion to the voltage-gated SR channel.  Coupling from the voltage-gated channel 
to its slaves could  involve Ca,  as suggested by Rfos and  Pizarr6  (1988),  or some 
other messenger. 
Whether the release site consists of a single channel or a collection of neighbor- 
ing channels that function as a singly gated unit, if the spatial distribution of open 
sites in the plane of the Z-band is random, it seems unlikely that the open state of 
any particular site could have been caused by Ca from another open site.  For this 
reason, it seems unlikely that SR Ca release itself---by Ca-induced Ca release, by the 
positive feedback model  proposed by Pizarrt,  Csernoch,  Uribe,  Rodrfguez,  and 
Rios (1991), or by some other mechanism--was able to contribute to the steep volt- 
age dependence of Ca release that was observed with small rates of release in exper- 
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entire voltage range illustrated in Fig. 14 B because all of the data are well fitted by 
the same straight line. At larger depolarizations, the points lay below the extrapo- 
lated line, indicating that the voltage steepness of release never exceeds that ob- 
served with small rates of release.  Since the voltage steepness of release in these fi- 
bers equilibrated with 20 mM EGTA is similar to that determined in fibers with 
unmodified  [Ca]  transients, it seems reasonable to conclude that the voltage de- 
pendence of Ca release recorded under normal physiological conditions with un- 
modified [Ca]  transients directly reflects the voltage dependence of activation of 
single SR release sites by their voltage sensors in the membranes of the transverse 
tubular system. 
The EGTA-Phenol Red Method Estimates SR Ca Release Reliably and Rapidly 
A  detailed description of the EGTA-phenol red method is given in the Methods 
and Appendix A.  For the purposes of this section, the main points are  (a)  in the 
absence  of myoplasmic  Ca  buffers  such  as  troponin  and  parvalbumin,  20  mM 
EGTA is expected to capture essentially all (>99.9%)  of the Ca released from the 
SR;  (b)  20 mM EGTA is expected to complex the released Ca rapidly, with a time 
constant <0.1  ms; and  (c) on the time scale of Ca release studied in these experi- 
ments, only two sources or sinks for protons, apart from the myoplasmic buffering 
power, are expected to contribute significantly to ApH: the exchange of protons 
for Ca by EGTA (with a stoichiometry of 1 Ca:2 protons) and the movement of pro- 
tons into the SR that occurs during Ca release (with a stoichiometry of I Ca:0.2-0.3 
protons). 
The first additional point to consider is whether troponin and parvalbumin are 
able to capture an amount of Ca that is significant compared with that captured by 
EGTA, 375 p~M on average.  If the spatially averaged free [Ca] signal is used to cal- 
culate the amount of Ca bound to troponin and parvalbumin after an action poten- 
tial, 105 p~M Ca, on average, is estimated to have been bound by these intrinsic Ca 
buffers (mean values in columns 3 and 5 in Table III).  As described in connection 
with column 8 in Table III, this estimate is almost certainly too large and, in fact, 
the actual value is probably ~15 p~M Ca.  Consequently, after a single action poten- 
tial, EGTA is expected to capture ~96% of the Ca released from the SR. 
The second point to consider is the accuracy of the measurements of ApH that 
are used to estimate A[CaEGTA].  Although approximately two thirds of the phe- 
nol red inside a  fiber appears to be bound or sequestered, the hpH signal is ex- 
pected to be reliable  (see Methods).  Even if it isn't, however, any inaccuracies in 
the estimate of ApH would alter, by the same relative amount, the value of A [CaEGTA] 
in both the experiments on SR Ca release and the experiments on the determina- 
tion of [~. Use of Eq. A7 insures that the effects of such inaccuracies are cancelled 
and, as a result, the primary calibration for the estimation of SR Ca release is the 
calibration of the A [Cafura-2] signals that were used for the estimates of [3 (Figs. 5-7). 
The general conclusion of this section is that the EGTA-phenol red method pro- 
vides a reliable and rapid estimate of SR Ca release. The estimated value of A [Caw], 
however, probably represents an underestimate. First, as much as 4% of the Ca re- 
leased from the SR by a single action potential may be complexed by troponin and 
parvalbumin rather than by EGTA.  Second, during SR Ca release, protons appear 
to enter the SR and balance 0.10-0.15 of the electrical charge associated with Ca re- PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  305 
lease.  To correct for the proton exchange, the A[CaT] signals described in this arti- 
cle should probably be multiplied by 1.11-1.18. Because this factor is expected to 
be independent of the amount or rate of SR Ca release (Pape et al., 1990), the cor- 
rection is not expected to affect any conclusions about relative rates of release. 
The Change in pH Produced by the Complexation of Ca and EGTA after SR Ca 
Release Does Not Appear to Alter the Physiological Condition of the Fiber 
A possible disadvantage of the EGTA-phenol red method for the measurement of 
SR Ca release is that Ca complexation by EGTA decreases myoplasmic pH and this 
might alter the physiological condition of the fiber or the mechanism responsible 
for SR Ca release.  As far as we can tell, however, such alterations do not occur.  For 
example, as mentioned above in connection with Table II, the amplitude and time 
course of dA[CaT]/dt signals estimated with EGTA-phenol red are similar, in gen- 
eral, to those estimated with low affinity Ca indicators and unmodified [Ca]  tran- 
sients (although a quantitative comparison of amplitudes cannot be made without 
knowledge of the SR Ca content in the fibers with unmodified  [Ca]  transients). 
The fractional amount of SR Ca that is released by an action potential and the peak 
fractional rate of release appear to be relatively insensitive to pHR between 6.7 and 
7.1 and, consequently, relatively insensitive to [Casa]R  (Fig. 10, B and D).  In addi- 
tion, the reduction in the fractional amount of Ca released from the first to the sec- 
ond action potential elicted 20 ms later was insensitive to pHR and [CasR]R (Results). 
During the course of most cut fiber experiments, the value of pHR progressively 
decreased with time, regardless of whether the fiber was stimulated or not.  In the 
fiber in Fig. 2, the values of pHR associated with the first and last single action po- 
tentials were 6.912 and 6.878, respectively. The amplitude of the ApH signal associ- 
ated with  the first single  action-potential stimulation was  -0.034.  This signal  re- 
duced the value of pH to 6.878, which is exactly the same as the resting value just 
before the second and last single action-potential stimulations.  If the first decrease 
in pH from 6.912 to 6.878 altered the SR Ca release mechanism, the ApH signal as- 
sociated with the second single action-potential stimulation would be expected to 
be different from -0.034.  It was essentially the same, -0.033. 
All of these findings suggest that SR Ca release in cut muscle fibers is relatively in- 
sensitive to pH in the range encountered in our experiments, 6.7-7.1  for resting 
values and values as low as 6.3 after a train of action potentials.  This insensitivity is 
similar  to  that observed in  skinned  fibers by Lamb,  Recupero,  and  Stephenson 
(1992).  It stands in mark contrast to the results of Ma, Fill, Knudson, Campbell, 
and Coronado (1988) and Rousseau and Pinkos (1990), who found that ion fluxes 
through isolated rabbit skeletal muscle ryanodine receptors were strongly inhibited 
by values of pH <7.0.  This difference in pH sensitivity may be due to a difference 
between frog and rabbit ryanodine receptors or to a difference between ryanodine 
receptors in an intact SR and in a bilayer. 
The Value oft in Our Cut Fibers, 22 mM/pH Unit, Is Consistent with Values 
Obtained by Others in Intact Fibers 
The mean value of J3 obtained in our experiments, 22 mM/pH  unit, is somewhat 
smaller than the values that have been estimated in intact fibers, 26 to 38 mM/pH 
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crombie, Putnam, and Roos, 1983;  and Curtin,  1986).  This difference is probably 
due to a difference in the buffering power of the freely mobile myoplasmic buffers. 
This buffering power is expected to be about 12 mM/pH  unit in intact fibers (pH = 
6.8-7.18  in Table IV in Godt and Maughan,  1988;  carnosine accounts for 90% of 
this buffering power) and only 4-5 mM/pH unit in our cut fibers (calculated at pH = 
7.0 from the concentrations and pK's of MOPS, ATP, and phospho(enol)pyruvate, 
the main buffers in the internal solutions).  When  these values are taken into ac- 
count, the buffering power of the immobile myoplasmic buffers is estimated to be, 
on average, 21 mM/pH  unit in intact fibers and 17-18 mM/pH  unit in our cut fi- 
bers.  These values are in good agreement. 
Previous estimates of the value of [5 in muscle have relied on measurements that 
took tens of seconds and sometimes even minutes to complete.  This raises the con- 
cern that the value of [3 may have included contributions from processes other than 
reactions  between  protons  and  rapidly  reacting  buffers.  Such  processes  include 
slowly reacting buffers, metabolic reactions, and movements of acid or base across 
internal  or external membranes. The finding that the buffering power estimated 
for the immobile myoplasmic buffers is nearly the same in the measurements re- 
ported here  (on cut fibers)  as in  those reported by others  (on intact fibers)  sug- 
gests that slow processes make little contribution to estimates of buffering power in 
frog muscle as long as the measurement is completed within a few minutes. 
The Ability of  Fura-2 to Complex Ca Is Different Inside a Muscle Fiber 
Than in a Calibration Solution 
In the experiments reported here, the mean value of k-2, the dissociation rate con- 
stant for Ca and fura-2, was 29 s -1  (SEM, 4 s -1) at 14-15~  This value is larger than 
the values estimated by Klein et al.  (1988),  12 s -1 in cut fibers at 6-10~  and by 
Hollingworth  et al.  (1992),  17 s -1 in intact fibers at  16~  It is smaller than  that 
measured by Kao and Tsien (1988)  in a 140 mM KC1 solution at 20~  97 s -1. 
Pape et al.  (1993)  estimated the value of k~, the association rate constant for Ca 
and fura-2,  in experiments on  cut fibers equilibrated with fura-2 and  PDAA and 
studied under conditions similar to those used here. The value of k2 appeared to 
vary with fura-2 concentration,  at least between 0.5 and 2  mM, and was 0.7  ￿  108 
M-ts -1 with 2 mM fura-2.  With k2 =  0.7 ￿  10  s M-is -1 and k-2 =  29 s -1, an equation 
analogous to Eq. A6 gives a value of 0.41  fl,  M for the apparent dissociation constant 
of Ca and fura-2.  This value lies between two other estimates of the apparent disso- 
ciation constant inside muscle fibers: 0.32 ~M (estimated from data obtained from 
cut fibers by Klein et al., 1988, after allowance for the fact that antipyrylazo III is ex- 
pected to underestimate the amplitude of the  [Ca] transient by a factor of about 4; 
see Table II in Pape et al., 1993)  and 0.68 fl,  M  (estimated in intact fibers by Holling- 
worth et al.,  1992).  All of these estimates of the  dissociation  constant of Ca and 
fura-2 in myoplasm are substantially larger than  that measured by Kao and Tsien 
(1988)  in a 140 mM KCI solution at 20~  0.162 ~M. 
These differences between in vivo and in vitro values are consistent with the idea 
that fura-2 behaves differently inside a muscle fiber than in a calibration solution, 
an idea that was initially suggested by Baylor and Hollingworth  (1987,  1988)  and 
Klein et al.  (1988).  A likely explanation is that, in vivo, a large fraction of fura-2 is PAPE ET AL.  Ca Release in Cut Fibers Equilibrated  with EGTA  307 
associated with  myoplasmic proteins  (Baylor and  Hollingworth,  1987,  1988;  Ko- 
nishi, Olson, HoUingworth, and Baylor, 1988).  Fortunately, such differences are 
not expected to influence the estimates of [3, and thereby the estimates of A[CaT], 
that are reported in this article. 
APPENDIX  A 
This Appendix presents a detailed description of the properties of the reaction be- 
tween Ca and EGTA and of the ability of the EGTA-phenol red method to measure 
SR Ca release rapidly and reliably. 
At Neutral pH, Ca  z+ Is Complexed by H2EGTAe-and  Two Protons Are Released 
Almost Immediately 
Ca-free  EGTA  is  able  to  exist  in  five  different  states  of protonation:  EGTA  4-, 
HEGTA  3-,  H2EGTA  2-,  H~EGTA-,  and  H4EGTA.  If  [EGTA]  denotes  the  total 
concentration  of  Ca-free  EGTA,  then  [EGTA]  =  [EGTA  4-]  +  [HEGTA  3-]  + 
[H2EGTA  2-]  +  [H3EGTA-]  +  [H4EGTA].  The fractional amounts  of EGTA in 
the  different  states  are  equal  to  [EGTA4-]/[EGTA],  [HEGTA3-]/[EGTA], 
[H2EGTA  ~- ] /  [EGTA], [H3EGTA- ] /  [EGTA], and  [H4EGTA] /  [EGTA].  Their val- 
ues are determined by pH and the values of the pK's associated with the different 
protonated states. The values of these pK's at 20~  are given in Martell and Smith 
(1974): pK1 =  9.58, pKz =  8.96, pK3 =  2.76, and pK4 =  2.11 in which the subscript 
1--4 denotes the number of protons of the final protonated form.  These values 
have been corrected for the activity coefficient of protons so that they apply to the 
value of pH that is measured with a pH meter. 
In our experiments, the values of resting myoplasmic pH were estimated to be 
6.7-7.1. After stimulation, pH decreases and values as low as 6.3 were estimated. At 
pH  =  6.3,  and  with  the  values  of the  pK's  given  above,  [EGTA4-]/[EGTA]  = 
0.00000115,  [HEGTA3-]/[EGTA] =  0.00218, and [H2EGTA2-]/[EGTA] =  0.9975. 
The  values  of  [HzEGTA-]/[EGTA]  (0.000294)  and  [H4EGTA]/[EGTA] 
(0.000000019)  are small and can be ignored because Ca does not appear to react 
appreciably with either HzEGTA- or H4EGTA. When the value of pH is increased 
from 6.3 to 7.1, the value of [EGTA4-]/[EGTA] is increased by a factor of 39, to 
0.0000451,  and the value of [HEGTA3-]/[EGTA] is increased by a factor of 6, 
to 0.01361; the value of [H2EGTA  ~- ] /[EGTA] is decreased slightly, from 0.9975 to 
0.9863. Thus, [EGTA] ~  [HeEGTA  2- ] at the values of myoplasmic pH encountered 
in our experiments. 
Ca-bound EGTA is also able to exist in different states of protonation.  If [CaEGTA] 
denotes the total concentration of Ca-bound EGTA,  [CaEGTA]  =  [CaEGTA  2-]  + 
[CaHEGTA-] +  [CaH2EGTA].  Calculations similar to those described in the pre- 
ceding paragraph,  with the values of pK's for Ca-bound EGTA that are given in 
Martell  and  Smith  (1974),  show  that  essentially  all  of the  Ca-bound  EGTA is 
nonprotonated,  with  [CaEGTA2-]/[CaEGTA]  t>  0.9999.  Thus,  [CaEGTA] 
[CaEGTA2-]. 
Since almost all of the Ca-free and Ca-bound EGTA is divalent, the equilibrium 
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Ca 2+ +  H2EGTA  2- ~  CaEGTA  2- +  2H + .  (A1) 
This reaction can occur through three different pathways:  (1)  Ca  2+  can complex 
H2EGTA  2-  to  form  CaH2EGTA  and  then  two  protons  can  dissociate  to  form 
CaEGTA2-;  (2)  Ca  2+  can  complex HEGTA  3-  to form CaHEGTA-  and  then  one 
proton can dissociate to form CaEGTA  2- and another proton can dissociate from 
H2EGTA  2-  to  form  HEGTA~-;  and  (3)  Ca  2+  can  complex  EGTA  4-  to  form 
CaEGTA  2- and then two protons can dissociate from H2EGTA  2- to form EGTA  4-. 
Since,  as  mentioned  above,  the  value  of  [EGTA4-]/[EGTA]  is  expected  to  be 
0.00000115-0.0000451  in our experiments and the value of [EGTA] is expected to 
be 18.24 mM, the value of [EGTA  4-]  is expected to be negligibly small  (<1  p,M). 
Consequently, pathway (3) can be neglected. 
Smith et al.  (1984)  carried out stopped-flow measurements of the kinetics of Ca 
complexation by EGTA and obtained information about the relative importance of 
pathways (1) and (2) at physiological pH.  Between pH 5.8 and 7.3, the value of the 
apparent forward rate constant, kl, was found to be approximately constant, 1.5  ￿ 
106  M-is -1  at  25~  Because  the value  of [H2EGTA2-]/[EGTA]  is  also  approxi- 
mately constant at these pH's (~1) and because the value of [HEGTA3-]/[EGTA] 
is expected to change sixfold (see above), Smith et al. (1984) concluded that most 
of the complexation of Ca by EGTA occurs through pathway 1, with Ca  2+ complex- 
ing H2EGTA  2- to form CaH2EGTA. 
Reactions that involve protons are usually very fast, so that the  dissociation of 
CaH~EGTA into CaEGTA  2- and 2H + is expected to occur rapidly.  Two experimen- 
tal  observations  are  consistent with  this  expectation.  First,  in  the  stopped-flow 
experiments of Smith et al.  (1984), the rate of Ca complexation by EGTA was de- 
termined  from  measurements  of changes  in  pH  whereas,  in  another  series  of 
stopped-flow experiments  (Harafuji  and  Ogawa,  1980),  it was  determined from 
measurements  of changes  in free  [Ca].  The values of kl  that were obtained by 
Harafuji and Ogawa  (1980),  1.0-3.0  ￿  106 M-is -1 at 20~  are in good agreement 
with the value obtained by Smith et al.  (1984), 1.5 ￿  106 M-as -x at 25~  consistent 
with  the  idea  that  there  is  little  delay  between  the  complexation  of  Ca  by 
H2EGTA  2- and the dissociation of protons from CaH2EGTA. Second, in the experi- 
ments of Smith et al.  (1984),  the change in pH began  almost immediately after 
mixing and  showed  no  detectable  delay, also  suggesting  that  protons dissociate 
from CaH2EGTA almost immediately after Ca is complexed by H~EGTA  2-. 
The main conclusion of this section is that, at the values of myoplasmic pH en- 
countered in our experiments, the reaction between Ca and EGTA effectively re- 
duces to a single reaction in which 1 Ca is exchanged for 2 protons (Scheme A1). 
In the Absence of Intrinsic Myoplasmic Ca Buffers Such as Tr~ponin and 
Paroalbumin, EGTA Is Expected to Complex Almost All 
of the Ca Released  from the SR 
Because the  total concentration of EGTA (=  [EGTA]  +  [CaEGTA])  is approxi- 
mately constant during a 1-3-s measurement, such as that after an action-potential 
or a  voltage-clamp stimulation,  the  differential equation for reaction A1  can  be 
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d[CaEGTA]/dt  =  k 1 [Ca]  [EGTA]  -  k_ 1 [CaEGTA] ￿9  (A2) 
kl and k-~ denote, respectively, the apparent forward and backward rate constants 
of the net reaction between Ca and EGTA. As mentioned in the preceding section, 
the value of k~ is approximately constant at the values of pH encountered in our ex- 
periments whereas, as discussed below, the value of k-i depends on pH.  If [CAT] is 
defined by the relation [CAT] =  [Ca]  +  [CaEGTA], Eq. A2 can be written, 
d[CaEGTA]/dt =  k  a [CAT]  ￿9 [EGTA] 
-  {k  x [EGTA]  +  k  1 } ￿9 [CaEGTA].  (A3) 
After stimulation, Ca moves from the SR into the myoplasm and the values of 
[CaEGTA], [EGTA], [CAT], and [Ca] at the optical site will change with respect to 
their resting values [CaEGTA]R,  [EGTA]R, [CaT]R, and [Ca]R. These changes will 
be denoted by A [CaEGTA], A [EGTA], A [CAT], and A [Ca], respectively.  If the rest- 
ing concentrations are at equilibrium, Eq. A3 can be written, 
dA [CaEGTA] ~dr  =  k 1 [EGTA]  ￿9  A [CAT] 
--  {ka[EGTA  ]  +kl[Ca]R+k_ 1 } .A[CaEGTA].  (A4) 
Eq. A4 follows from Eqs. A2 and A3 without any approximations. The form of the 
equation has been  selected so  that, if the value of [EGTA]  is large, significant 
changes occur only in A [CaEGTA]  and A [CAT]. This equation is analogous to Eq. 
13 in Pape et al. (1993). 
After release is over and the binding of Ca by EGTA has reached equilibrium, 
with dA [CaEGTAI / dt =  O, 
[EGTA] 
A [CaEGTA]  =  [EGTA]  +  [Ca]R +  KD~pp  [ACaT]'  (AS) 
in which 
KDapp  =  k_l/k  1.  (A6) 
KDapp represents the apparent dissociation constant of the reaction between Ca and 
EGTA. 
In our experiments, the total amount of readily releasable Ca inside the SR was 
usually  <3,000  wM,  expressed  as  myoplasmic  concentration.  If  the  value  of 
[EGTA]R was the same as that in the end pools, 18.24 mM, the value of [EGTA] af- 
ter stimulation (that is, the value in Eq. A5) would be >15 mM. Since, as shown be- 
low, the value of [Ca]R +  KDapp is expected to be <2 ~M, A[CaT] >  A[CaEGTA] 
0.9999A[CaT].  Thus, in the absence of intrinsic myoplasmic Ca buffers such as 
troponin and parvalbumin, EGTA is expected to capture essentially all (/>99.99%) 
of the Ca released from the SR. Evidence is summarized in the Discussion that, 
even with troponin and parvalbumin present at myoplasmic concentrations, EGTA 
appears to capture "-~96% of the Ca released by a single action potential. 
The ability of EGTA to capture almost all of the released Ca does not depend 
critically on the values of [Ca]R, KDapp, and [EGTA].  A 10-fold increase in the up- 310  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  '  VOLUME  106  ￿9  1995 
per limit of the value of [Ca]a +  /~app,  from 2 to 20 wM, or a  10-fold reduction in 
the value of [EGTA] after stimulation, from >15 to >1.5 mM, would result in the 
inequality A[CaT]  >  A[CaEGTA]  ~>  0.9999A[CaT]  being replaced  by A[CaT]  > 
A [CaEGTA] t> 0.999A [CAT]. Thus, in the absence of intrinsic myoplasmic Ca buf- 
fers, the capture of Ca by EGTA is expected to be essentially complete even if some 
of the EGTA is bound or sequestered inside the myoplasm or if the myoplasmic 
value of KDapp is different from the in vitro values calculated below.  The capture is 
also expected to be complete in the presence of myoplasmic gradients of free [Ca] 
and [EGTA] during release (Appendix B). 
20 mM EGTA Is Expected to Complex Ca Released  from the SR Rapidly, 
within <0.1 ms 
Eq. A4 gives an expression for the apparent rate constant with which A [CaEGTA] 
tracks A[CaT]: it is equal to kI[EGTA]  +  kl[Ca]R  +  k-1  =  kl([EGTA]  +  [Ca]R + 
Koapp). Because [Ca]R +  KDapp  is expected to be <2 ~M (see below) and [EGTA] is 
expected to be >15 mM  (see preceding section), kl([EGTA]  +  [Ca]R +  KDapp) is 
essentially equal to kl [EGTA].  With a large concentration of EGTA at the optical 
site, kl[EGTA]  ~  kl[EGTA]R. The value of (kt[EGTA]R) -I, denoted by ~'c~, repre- 
sents the estimated mean time required for EGTA at its resting concentration to 
bind Ca. As described above, the value of kl, and consequently that of "rc~, is ex- 
pected to be independent of pH. 
In our experiments on fibers equilibrated with 20 mM EGTA, a value of 22 I~s was 
chosen for tea so that the A[Ca] signals measured with PDAA (column 3 in Table I) 
would have the same  mean amplitude as the  A[Ca]  signals  estimated from ApH 
(column 10 in Table II).  The reliablity of this estimate of Tc~ depends on two im- 
plicit assumptions.  The first is that PDAA provides a reliable measurement of the 
amplitude of the spatially averaged A[Ca] signal.  Although this appears to be the 
case for the measurement of unmodified (by EGTA)  [Ca] transients in cut muscle 
fibers (Hirota et al., 1989), the presence of a small undershoot in the PDAA A[Ca] 
signal in fibers equilibrated with 20 mM EGTA (Fig. 1 B)  might have produced a 
small underestimate (~< 25 %) of the peak amplitude of A [Ca] and a corresponding 
underestimate of the value of ~'c~. The second assumption is that the actual mean 
amplitude of the spatially averaged A [Ca]  signals in the experiments used for Ta- 
ble I was the same as that in the experiments used for Table II.  This assumption 
seems reasonable since the same conditions, except for the presence of either phe- 
nol red or PDAA, were used in the two sets of experiments.  If, for some unknown 
reason, one of these assumptions is seriously invalid, the value of ~'c~ might be con- 
siderably different from 22 ~s.  Although it is difficult to establish an upper limit of 
the value of ~'c~, it seems unlikely that it could exceed two or three times 22  ~s. 
Consequently, it seems safe to conclude that, under the conditions of our experi- 
ments, EGTA is expected to capture Ca released from the SR rapidly, within <0.1 ms. 
The rapid speed with which EGTA is expected to capture Ca, and therefore track 
SR Ca release, may seem surprising in view of the fact that EGTA is known to react 
relatively slowly with Ca, at least when it is compared with many Ca indicators.  To 
understand  this apparent discrepancy, it is important to distinguish between the 
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which it is able to track total Ca. In the first case, the apparent rate constant is given 
by kl [Ca]  +  k-1  (eg., Eq.  3 in Baylor, Chandler, and Marshall, 1982b) whereas, in 
the second case, it is given by kl[EGTA]  +  kl[Ca]R +  k-i (Eq. A4 in this article; see 
also Eq. 5 in Baylor et al., 1982b).  As pointed out above, the value of kl[EGTA]  + 
kl[Ca]R  +  k-1  in our experiments is essentially equal to kl[EGTA], which is ex- 
pected to be at least 104 times that of k~ [Ca]R +  k-v Consequently, for changes in 
[Ca] that are small compared with the value of [Ca]R, the speed with which EGTA 
is able to track total Ca is expected to be four orders-of-magnitude more rapid than 
that with which it is able to track free Ca. 
A  Change in [CaEGTA]  Can Be Monitored as a Change in pH 
As described above, in the absence of other myoplasmic Ca buffers, EGTA is ex- 
pected to rapidly capture almost all of the Ca that is released from the SR and to ex- 
change it for protons with a 1:2 stoichiometry (reaction A1).  As a result, the myo- 
plasmic pH should decrease by an amount that depends on the buffering power of 
myoplasm, [3.  Since ApH has been used to monitor A[CaEGTA], it is important to 
evaluate the contributions of sources and sinks for protons other than EGTA and 
the buffers that account for [3. 
Baylor et al. (1982a) and HoUingworth and Baylor (1990)  measured a small posi- 
tive myoplasmic ApH signal (0.002-0.004 pH units) with phenol red in intact fibers 
(without EGTA)  after a single action potential.  Pape et al. (1990)  showed that the 
magnitude of this signal was increased by the injection of fura-2, which increased 
the amount of Ca released from the SR.  The amplitude of the ApH signal was pro- 
portional to the amount of Ca released, with a stoichiometry of 1 Ca:0.2-0.3 pro- 
tons, independent of the amount or rate of SR Ca release.  They interpreted these 
results in terms of the idea that proton movement from the myoplasm into the SR 
balances 0.10-0.15  of the  electrical charge associated with Ca release  (see  also 
Meissner and Young, 1980; Somlyo, Somlyo, Gonzalez-Serratos, Shuman, and Mc- 
Clellan, 1980; Baylor et al., 1982a). 
Several  other processes might also influence myoplasmic pH: proton release by 
Ca binding to intrinsic Ca buffers, ATP hydrolysis, rephosphorylation of ADP by 
phosphocreatine hydrolysis, and proton release by the SR Ca pump.  Pape et al. 
(1990)  considered these processes and concluded that they probably made little 
contribution to their ApH signals, at least during the first 50-100 ms after an action 
potential. Because the amplitude of their ApH signals was an order-of-magnitude 
smaller than those reported here with EGTA-phenol red, it seems reasonable to 
conclude that these other processes make a negligible contribution to the ApH sig- 
nals in our experiments. 
Thus, it appears that only two factors need to be considered in the use of ApH to 
monitor A[CaEGTA]  during SR Ca release:  the exchange of protons for Ca by 
EGTA (with a stoichiometry of 1 Ca:2 protons) and the movement of protons into 
the SR to electrically balance some of the charge carded by Ca (with a stoichiome- 
try of 1 Ca:0.2-0.3 protons).  Thus, for each 100 Ca ions that are released from the 
SR into the myoplasm and are captured by EGTA, 200 protons are expected to dis- 
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leave the myoplasm and enter the SR.  As a result, the net number of protons that 
appear in the myoplasm is 170-180 (or 0.85-0.9 times 200). 
The movement of protons from the myoplasm into the SR during Ca release has 
been neglected in the estimates of SR Ca release reported in this article.  With this 
simplification, ApH is given simply by the concentration of protons released from 
EGTA (= 2A [CaEGTA] ) divided by -  [3, or conversely 
A [CaEGTA]  =  -  ([3/2) ApH.  (A7) 
To correct for the expected movement of protons into the SR, the values of SR Ca 
release estimated from Eq. A7 and reported in this article should be multiplied by 
1.11-1.18 (= 0.9 -a -  0.85-1). 
A[Ca] Can Be Estimated with the EGTA-Phenol Red Method 
Eq. A2 can be rearranged to give an expression for [Ca], 
[CaEGTA]  -1 
[Ca]  =  KDapp  [EGTA]  +  (kl[EGTA])  "  d[CaEGTA]/dt.  (A8) 
The first term on the right-hand side of Eq. A8 gives the equilibrium value of [Ca] 
that is expected if d[CaEGTA]/dt =  0.  The second term gives an additional contri- 
bution that is proportional to the rate of SR Ca release, d[Cax]/dt, because d[CaT]/ 
dt ~- d[CaEGTA]/ dt. 
The time course of [Ca]  can be estimated from Eq. A8 if the  time courses of 
[EGTA], [CaEGTA], and K~pp are known.  The time course of Koapp is calculated 
from pH according to 
KD(  \  1  +  10 pK1 -  pH  10PKl  +  =  +  pK2-2pH ) .  (A9)  /% pp 
Ko is the dissociation constant of Ca  2+ and EGTA  4-, and is equal to 10 -10'97 M  (Mar- 
tell and Smith, 1974). Two terms that involve pKa and pK4 have been omitted from 
the right-hand side of Eq. A9 since they make negligible contribution to the value 
of KDapp at the values of pH used in our experiments. According to Eq. A9 and the 
values OfKD, pK1, and pK2 given above, KDapp =  1.487 ~M at pH =  6.7; 0.940 ~M at 
pH =  6.8; 0.594 IxM at pH =  6.9; 0.376 IxM at pH =  7.0; 0.238 p.M at pH =  7.1. 
The values of [EGTA]R and  [CaEGTA]R are assumed to be the same as those in 
the end-pool solutions, 18.24 and 1.76 mM, respectively. The value of [Ca]R is then 
determined from the first term on the fight-hand side of Eq. A8 with  [CaEGTA] / 
[EGTA] =  18.24/1.76. With the values of KD~pp in the preceding paragraph,  [Ca]R = 
0.144 p,M at pH =  6.7, 0.091  p~M at pH =  6.8, 0.057 vLM at pH =  6.9, 0.036 IxM at 
pH =  7.0, and 0.023 IxM at pH =  7.1.  The value of [Ca]R +  g-Dapp is 1.631 oLM at pH = 
6.7.  It becomes progressively smaller at larger values of pH so that the condition 
[Ca]R +  Ko~po <  2 IxM is expected to hold in our experiments. 
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equal to -A [CaEGTA], since the total concentration of EGTA at the optical site is 
expected to remain constant during a  1-3-s period of measurement.  The time 
courses of [EGTA] and  [CaEGTA]  are then calculated from [EGTA]  =  [EGTA]R 
+  A[EGTA]  and  [CaEGTA]  =  [CaEGTA]R +  A[CaEGTA].  The d[CaEGTA]/dt 
signal is obtained by numerical differentiation.  A[Ca]  (=  [Ca]  -  [Ca]R) can then 
be calculated from Eq. A8 if the value of kl is known. 
A value of 2.5  ￿  106 M-is -1 was used for kl so that the peak value of A[Ca]  esti- 
mated with EGTA-phenol red  (3.25  p.M,  column  10 in Table II, calculated with 
[EGTA]R =  18.24 mM) would be similar to that measured with PDAA under similar 
conditions (3.34 p.M, column 3 in Table I).  We have assumed that the value of kl is 
independent of myoplasmic pH since Smith et al. (1984) found that the value of kl 
was independent of pH between 5.8 and 7.3. 
Although Eq. A8 has been used for all of the estimates of A [Ca] described in this 
article, it is instructive to introduce an approximation of that equation that holds 
when a small amount of Ca is released rapidly from the SR, such as occurs after an 
action potential.  In this situation, the first term on the right-hand side of Eq. A8 re- 
mains relatively constant at [Ca]R and the second term dominates.  Consequently, 
A [Ca]  ~  (k 1 [EGTA] ) -1. dA [CaEGTA]/dt.  (AIO) 
With this approximation, A[Ca] is expected to be proportional to dA[CaEGTA]/dt 
(or dA[CaT]/dt), with a proportionality constant that is given by (kl[EGTA]) -1  --- 
(kl [EGTA]R)-I =  rCa (see Fig. 8 A, for example).  Since the value of kl is expected 
to be independent of pH, 7Ca is also expected to be independent of pH.  With ei- 
ther Eq. A8 or A10, it is clear that the reliability of the estimate of A [Ca] during pe- 
riods of SR Ca release depends on the reliability of the estimate of kl [EGTA] R.  This 
estimate is considered to be good because it is based  on direct measurement of 
A[Ca] with PDAA (see above). 
The values of k-1 that apply to our experiments are small, of the order of 1 s -1. 
For example, according to Eqs. A6 and A9, k-1 =  3.718 s -1 at pH =  6.7; 2.350 s -1 at 
pH =  6.8; 1.485 s -1 at pH =  6.9; 0.940 s -1 at pH =  7.0; 0.595 s -1 at pH -- 7.1.  One 
advantage of the small value of k-1 is that it contributes to the clear separation of 
the time course of Ca binding to EGTA during SR Ca release and that of Ca dissoci- 
ation from CaEGTA during recovery (Figs. 4 and 8). 
The main conclusion of this section is that A[Ca]  (=  [Ca]  -  [Ca]a) can be esti- 
mated reliably with the EGTA-phenol red method, Eqs. A8 and A10. 
[Ca]R Can Be Estimated with the EGTA-Phenol Red Method, But the Reliability 
of the Estimate Depends on the Reliability of the Value of  pHR 
If our estimates of pHR are unreliable, the estimates of K-Dapp,  and hence those of 
[Ca]R, are also unreliable.  To correct for a possible 0.1-0.4 underestimate of pHR 
(see Methods), the values of Ko~pv given after Eq. A9 and the values of [Ca]R in the 
preceding section should be multiplied by 0.63-0.16. 
Another smaller source of error in the estimates of KDapp i8 that the values of KD, 
pK1, and pK2 used in Eq. A9 were those determined by Martell and Smith (1974) at 314  THE JOURNAL OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME 106  ￿9  1995 
20~  At 13-16~  the temperature of our experiments, the values of Krupp are ex- 
pected to be larger, with a maximal increase of 10% at 13~  (calculated from data 
in Martell and Smith, 1974).  Since this error is small compared with that expected 
from inaccuracies in the value of pHR (preceding paragraph), the values of KD, pK1, 
and pK2 at 20~  were used without correction for temperature. 
The general conclusion of this section is that  [Ca]R can be estimated with the 
EGTA-phenol red method but that the estimate may not be reliable because of in- 
accuracies in the estimates of pHR and/~app.  In any event, any error in the esti- 
mates ofpHR and [Ca]R is expected to have little effect on the estimates of ~'ca and 
A[Ca], as described in the preceding section.  It should also not change the expec- 
tation that EGTA is able to bind essentially all of the Ca released from the SR, and 
to do so rapidly, so that the time course of h [CaEGTA] provides a reliable estimate 
of SR Ca release. 
APPENDIX  B 
This Appendix is concerned with the changes in free  [Ca],  [CaEGTA],  [EGTA], 
and pH that are expected to develop in the myoplasm near a single SR Ca channel 
in a fiber equilibrated with EGTA.  Although the theory has been formulated with 
Ca and EGTA in mind,  the equations for  [Ca],  [CaEGTA], and  [EGTA]  are ex- 
pected to apply to other ion and buffer combinations. 
The first analyses of this type were carried out by Neher (1986) and Stern (1992). 
They approximated a Ca channel by a point source immersed in an infinite isotro- 
pic medium. The medium is assumed to be isopotential, since the concentration of 
Ca ions is expected to be much smaller than that of the other ions, at least at dis- 
tances greater than a few nanometers from the mouth of the channel. Under these 
conditions, Neher (1986) showed that any changes in [CaEGTA] and [EGTA], de- 
noted by A[CaEGTA] and A [EGTA], are expected to be negligibly small with milli- 
molar concentrations of EGTA. With the assumption that the changes are zero, Ne- 
her  (1986)  derived an equation for the value of A[Ca]  as a function of distance 
from the mouth of the channel; this equation is the same as Eq. B21 below.  Stern 
(1992)  extended Neher's analysis and allowed for nonzero values of A[CaEGTA] 
and A [EGTA]. An equation for A [Ca] was derived that contained four terms. The 
first three terms, which are nonlinear integrals, were evaluated by an iterative com- 
puter program and found to be negligibly small under the conditions of interest. 
The remaining fourth term is the same as Eq. B21. 
Neither Neher (1986) nor Stern (1992) gives a quantitative criterion for the use 
of Eq. B21  to calculate A[Ca],  such as  the  minimal  concentration of EGTA  (or 
other Ca buffer)  that is required for the equation to hold.  Neither do they give 
equations,  analogous  to  Eq.  B21,  for  the  spatial  dependences  of  A[EGTA], 
A[CaEGTA], and ApH (or A[H  +  ] ). This appendix provides this information. The 
essential criterion for the use of Eq.  B21  is that the absolute value of A[EGTA] 
must be much smaller than the resting value of [EGTA].  Under this condition, the 
variation  of A[EGTA]  (=  -A[CaEGTA])  with  distance  from  the  mouth  of the 
channel is given by Eq. B22.  A[H +  ] and ApH are proportional to A [CaEGTA] with 
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example at the end of this appendix, the assumption that I  A [EGTA] I < < [EGTA] is 
expected to hold very well in our experiments. 
Spatial Variation of[Ca],  [EGTA],  and [CaEGTA]: General Case 
The steady state differential equations that relate the diffusion of Ca, EGTA, and 
CaEGTA and the reaction between Ca and EGTA (Eq.  A2), in spherical coordi- 
nates without angular dependence, are 
Dca { a~ [Ca]/dr2+  (2/r) d [Ca]/dr } 
-  {k 1[Ca]  [EGTA]  -  k_ 1 [CaEGTA]  }  =  0,  (B1) 
DEGTA { d  2 [EGTA] Idr2+  (2/r) d[EGTA]/dr } 
--  {k 1 [Ca]  [EGTA]  -  k_ 1 [CaEGTA]  }  =  0,  (B2) 
DCaEGTA { d 2 [CaEGTA] ~dr2+  (2/r) d[CaEGTA]/dr } 
+  {k a [Ca]  [EGTA]  -  k_ 1 [CaEGTA]  }  =  0.  (B3) 
r represents the distance from the center of a hemispherical source. Do, DEGTA, and 
DCaEGTA represent the diffusion coefficients of Ca,  EGTA,  and CaEGTA,  respec- 
tively. 
At the source, as r---> 0, the flux of Ca ions in the solution matches that through 
the channel, d#.  Consequently, 
d~  =  -Lim  4r  (B4) 
r--r  0 
The concentrations of Ca, EGTA, and CaEGTA can be expressed as a resting con- 
centration plus a change, 
[Ca]  =  [Ca]R +  A[Ca],  (B5) 
[EGTA]  =  [EGTA] R +  A [EGTA],  (B6) 
[CaEGTA]  =  [CaEGTA]R +  A [CaEGTA].  (B7) 
The subscript R denotes resting concentrations and the prefix A denotes changes 
with respect to these concentrations. 
The solution of Eqs. B1-B7 is simplified by the assumption that DCaECTA =  DEGTA. 
In the absence of  any sources or sinks for EGTA and CaEGTA, [EGTA] +  [CaEGTA] 
is independent of  distance and equal to a constant; hence, A[EGTA] =  --A [CaEGTA]. 
If the absolute value of A[EGTA]  is much less than that of [EGTA]R, which is the 
main assumption in this analysis, Eq. B1 gives 
Dca { d2A[Ca]/dr  2 +  (2/r) dA [Ca]/dr }  = 
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The requirement that the sum of the fluxes of Ca and CaEGTA at any value of r 
must equal + gives 
=  -4"rrr2[DcadA [Ca]/dr  +  DEGTAdA [CaEGTA]/dr],  (B9) 
=  -4*rr9[DcadA  [Ca] /dr  -  DEGTAdA  [EGTA] /dr] .  (B10) 
Eq. B10 can be multiplied by dr/4"rrr  ~ and integrated with respect to a dummy vari- 
able from rto to (where A[EGTA]  =  A[Ca]  =  0) to give 
Dca 
.  ~ 
A[EGTA]  =  DEGT  A  A [Ca]  -  4~rDEGTA  r  (Bll) 
Eqs. B8 and Bll can be combined to give, 
a~A[Ca]/dr2+  (2/r)  dA[Ca]/dr=  A[Cal  _  1__..~.  qb  (B12) 
h' 2  h'EGTA 2  4~rDc~r' 
in which 
l/h, 2 =  1/h,Ca  2 +  I/h'EGTA 2,  (B13) 
and  •/  Dca  (B14) 
h'Ca  =  k  1 [EGTA] R ' 
~'k  DEGTA 
h'EGTA  =  1 [Ca] R +  k_l  "  (B15) 
It is easy to show that hCa represents the characteristic distance associated with 
the diffusion of Ca before capture  by EGTA.  The mean  time,  (t),  required for 
EGTA to capture Ca is given by (t) =  (kl [EGTA]R)-I =  "rca (Appendix A).  The Ein- 
stein relation gives an expression for the mean distance, (x), that a  Ca ion is ex- 
pected to diffuse in this time, (x) =  (2Dca(t)) 1/2 =  (2DcJkl[EGTA]R) 1/2 =  ~/2(hca). 
Thus, Ca ions are expected to diffuse about 42(hc~)  before they are captured by 
EGTA.  The significance of hECTA is analogous to that of hCa: it provides a rough es- 
timate of the distance that an EGTA ion will diffuse before it binds Ca. 
The solution ofEq. B12 that satisfies A[Ca]  =  0 as r--~ to is 
￿9  h' 2 
A [Ca]  =  A  exp(-r/h,)  +  ￿9  +  ￿9  (B16) 
r  h,EGTA  z  4,rrDca r 
The integration constant A can be evaluated from Eq. B4 with  [Ca] replaced with 
A[Ca].  It is given by 
2  2 
A  =  1  -  h"  /h'EGTA  ~  (B17) 
4'n'Dca 
Eqs. B16 and B17 can be combined to give PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  317 
~2 
a[Ca]  =  ~b  ￿9 {exp(-r/h)  +~.  [1-exp(-r/h)]  }  (B18) 
4"nDcar  ~-EGTA  2  ' 
and Eqs. Bll and B18 can be combined to give 
A[EGTA]  =  d#  {  h 2  } 
--4arDEoTAr'{1 -- exp(--r/h)}  ￿9  1  hE~rA2  ￿9  (B19) 
The maximal absolute value of A[EGTA] occurs at the source, where r =  0, and is 
given by 
/  )  A[EGTA]r= o =  --4,rrDEGTAh"  1 -- h--  2  " 
EGTA 
(B20) 
Spatial Variation of[Ca],  [EGTA], and [CaEGTA]: Special Case in Which 
hcJheGra ~  0 
As described in Appendix A, the inequality [EGTA]R >>  [Ca]R +  KDapp is expected 
to hold in our experiments.  Consequently, since the estimated values of/)Ca and 
DEGTA are within a factor of two of each other (see below), hC~/hECTA ~  0 (from Eqs. 
B14 and B15) and h ----- hc~ (from Eq. B13).  The relation hCJhrGTA ~  0 means that, 
for the purpose of calculating A[Ca], the diffusion of EGTA is sufficiently rapid to 
maintain  the concentrations of [EGTA]  and  [CaEGTA]  close to their respective 
resting levels.  Consistent with this interpretation, Eq. B18 reduces to 
+ 
A [Ca]  =  4~rDc~ r" exp (-r/hc~)  .  (B21) 
as first derived by Neher for the case in which there were no gradients of CaEGTA 
and EGTA.  Eqs. B19 and B20 reduce to 
and 
+ 
A [EGTA]  =  4ffrDEGTA r  "  { 1 -  exp (-r/boa )  }  (B22) 
+ 
A [EGTA] ~ = o  =  4ffrDEGTAhC  a  (B23) 
In the absence of EGTA or other mobile Ca buffers, the value of A[Ca]  is given 
by the well known equation 
A [Ca]  =  6 
4'rrDca r  "  (B24) 
A comparison of Eqs. B21 and B24 shows that EGTA is able to reduce the steady 
state value of free A [Ca] by scaling the term d#/4~rDcar by the factor exp (-r/hc~). 318  THE JOURNAL OF GENERAL  PHYSIOLOGY ￿9 VOLUME  106  ￿9  1995 
Spatial Variation of  pH 
As Ca diffuses from a point source, it is complexed by EGTA with a rate given by 
kl [Ca] [EGTA]  -  k-t [CaEGTA]  (Eq. A2).  Since two protons are released for each 
Ca that is complexed, the rate of proton release is equal to twice the rate of Ca 
complexation. Inside a cell such as a muscle fiber, most of the released protons are 
expected to be bound by the intracellular buffers.  If  f represents the fraction of 
protons that survive and appear as free [H+], the rate at which [H  +]  increases is 
given by 2f times the rate at which Ca complexes with EGTA. 
In the steady state, the differential equation for the spatial variation of [Ca]  is 
given by Eq. B1.  An analogous equation describes the spatial variation of [H+], 
Dn,ap  p {d ~A [H +1/d  2  +  (2/r) dA [H +1/dr} 
+  2f{k  1 [Ca]  [EGTA]  -  k  l [CaEGTA] } = 0.  (B25) 
DH,app represents the apparent diffusion coefficient  of protons.  Eqs. B1 (with A[Ca] 
instead of [Ca] on the left-hand side) and B25 can be combined to give 
2fDca {d2A [Ca]/dr  2 +  (2/r) dA [Ca]/dr} 
+DH,app{d2A[H+]/dr2+  (2/r) dA[H+]/dr}  =  0.  (B26) 
Integration gives 
2fDca A [Ca]  +  DH,appA [H +] =B/r,  (B27) 
in which B is a constant.  If A[Ca] is given by Eq. B21, 
A [H +]  -  B  f~b  ￿9 exp (--r/~.Ca).  (B28) 
DH,appr  2'trDH,appr 
The value of B can be determined from the boundary condition that the flux of 
protons is zero at r = 0, 
2  Lim 4~rr DH,ap  p (dA [H +]/dr) = 0.  (B29)  r--+0 
This gives B = f~b/2~r and Eq. B28 becomes 
A[H +]  =  f~b  ￿9 {1-  exp(-r/Xca)}.  (B30) 
2"rtDH, appr 
A[H  +] has the same dependence on ras A[CaEGTA], Eq. B22, so that 
A [H +]  -  2fDEGTAA  [CaEGTA].  (B31) 
DH, app 
The value of f  can be determined from the values of [H  +]  and [3,  the buffering 
power for protons.  It is given by 
[H +] 
f  =  (logl0e) [3"  (B32) PAPE ~'r AL.  Ca Release in Cut Fibers Equilibrated  with EGTA 
The changes in [H  +] can also be expressed in terms ofpH. 
be used to show that 
ApH  =  2DEGa'A  A [CaEGTA] . 
~DH, ~pp 
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Eqs. B31 and B32 can 
(B53) 
Application to Myoplasmic Diffusion Near an SR Ca Channel in Muscle 
The calculations described in this section were carried out with parameters appro- 
pilate for 15~  inside a cut muscle fiber.  The values of [EGTA]R and [CaEGTA]R 
are taken to be 18.24 and 1.76 raM, respectively, the same as those in the end-pool 
solutions.  The value of k~, the apparent rate constant for the reaction between Ca 
and EGTA, is taken to be 2.5  ￿  106 M-is -1  (see Results and Appendix A).  The 
value of k-l, the apparent rate constant for the dissociation of CaEGTA, is calcu- 
lated from kl and pHR with Eqs. A6 and A9.  The value of [Ca]R is calculated from 
pHR with Eqs. A8  (first term on the right-hand side)  and A9.  The value of Dc~ is 
taken to be 3.0 ￿  10 -6 cm2/s.  This value was obtained from the value of 6.0 ￿  10 -6 
cm2/s for the  diffusion coefficient of Ca  in  dilute  aqueous  solution  (calculated 
from the value of the limiting equivalent conductivity of Ca, h ~ =  46.9 cm21]  -lequiv-1 
at 15~  Robinson and Stokes, 1959) and the assumption that the value of the diffu- 
sion coefficient in myoplasm is half of that in a dilute aqueous solution (Kushmer- 
ick and Podolsky, 1969; Konishi et al.,  1988). The values of DEGTA and DC~GTA are 
both taken to be 1.7 ￿  10 -6 crn2/s (see first section of Results).  The value of OH.app 
is taken to be 0.5 ￿  10 -6 cm2/s (Irving, Maylie, Sizto, and Chandler, 1990). 
With these parameters, the value of kc~ calculated from Eq. B14 is 81 nm.  The 
value of hEGTA calculated from Eq. B15 depends on pH: hEGTA =  6.5 p~m for pH = 
6.7, 8.1 la,  m  for pH =  6.8, 10.2 ~m for pH =  6.9, 12.9 #xm for pH =  7.0, and 16.1 
#xm for pH =  7.1.  All of these values are two orders of magnitude larger than that 
of hc~, 81  nm.  Consequently, hCJhEGTA  ~- 0 SO that Eqs. B18--B20 reduce to Eqs. 
B21-B23. 
The values of A[Ca] and A[EGTA] that are calculated with Eqs. B18-B24 are di- 
rectly proportional to the value of d~.  Although dp has not been determined for an 
SR Ca channel inside a muscle fiber, a lower limit is given by the ratio of the peak 
rate of SR Ca release and the myoplasmic concentration of SR Ca channels that was 
obtained in our action-potential experiments.  The mean peak rate of release was 
143 ~M/ms or 143,000 ~M/s  (column 7 in Table II).  Pape et al. (1992) have esti- 
mated the concentration of Ca channels, approximately 0.27 ~M referred to myo- 
plasm, on the assumption that there is one Ca channel per foot structure (Franzini- 
Armstrong, 1975).  If all of the Ca channels were open at the time of peak rate of 
release, a single open channel would be expected to pass 143,000/0.27 ---- 5  ￿  105 
ions per second.  This value represents a lower limit of d~ since some of the Ca chan- 
nels may not have been open at the time of peak release.  With ~b =  5  ￿  105 ions 
per second, the value of A[EGTA]r=0 calculated from Eq.  B23 is  -4.8  IxM. This 
value clearly meets the requirement that the absolute value of A [EGTA]  is much 
smaller than the value of [EGTA]R (estimated to be 18.24 mM)  as assumed in the 320  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
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FIGURE 15.  Theoretical estimates of the steady state values of A [Ca] and A[CaEGTA] plotted as a 
function of distance rfrom a single point source in an isotropic infinite medium. (A) The continu- 
ous curve, labeled "EGTA", was calculated from Eq. B21 with [EGTA]R  =  18.24  mM. The dashed 
curve, labeled "No EGTA", was calculated from Eq. B24.  (B)  The curve labeled A[Ca]  shows the 
curve labeled "EGTA" in A plotted with an expanded vertical scale.  The curve labeled A[CaEGTA] 
was calculated from Eq. B22 with the relation A[CaEGTA]  =  -A[EGTA]. (C) The curves show the 
values offc~ and  fC~ZGTA obtained from Eqs. B34 and B35, respectively. For the calculations, Dc~ =  3 ￿ 
10 -s cm2/s, DEOTA = 1.7 X 10 -6 cm2/s, kl =  2.5 X l0  s M-is -1,  [EGTA]R  =  18.24 mM (except for the 
"No EGTA" curve in A), ),c~ = 81 rim, and 6  =  5  ￿  l0  s ions per second. See Appendix B for addi- 
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derivation of Eq. B8.  Even if the value of d~, and consequently that of A [EGTA]r=0, 
were ten times larger, the requirement would still be met. 
Fig. 15 A shows A[Ca] plotted as a function of distance, r, from a point source of 
Ca flux, calculated with the values of the parameters given above. The continuous 
curve (labeled "EGTA") shows the values of A[Ca] with [EGTA]R =  18.24 mM (Eq. 
B21) and the dashed curve (labeled "No EGTA') shows the values with [EGTA]R = 
[CaEGTA]R =  0 mM  (Eq. B24).  At very small values of r, both curves are similar 
and vary inversely with r with the same proportionality constant, d~/(4~rDc~).  This 
shows that, within a few nanometers of the point source, EGTA has little effect on 
the value of A [Ca].  At larger values of r, the curves diverge and the ability of EGTA 
to reduce A [Ca] becomes pronounced. 
Fig. 15 B shows A[Ca] and A[CaEGTA] plotted against ron an expanded vertical 
scale.  The curve labeled A [Ca] shows part of the continuous curve in A.  The curve 
labeled  A[CaEGTA]  (=  -A[EGTA]),  which  was  calculated  from  Eq.  B22,  de- 
creases much less steeply with r than does the A [Ca] curve.  It has a value of 4.8 ~M 
at r =  0 nm and progressively decreases to a value of,'-~0.8 ~tM at r =  500 nm.  At all 
values of r, including the release site itself, the value of A[CaEGTA] is negligible 
compared with that of [EGTA]R. 
The curve for A[H  +]  (not shown) is given by the A [CaEGTA] curve scaled by the 
factor 2fDEoT~/Dn,app  (Eq. B31).  The value off can be estimated from Eq. B32 and 
the mean value of [3 determined in our experiments, 22 mM/pH  units  =  0.022 
M/pH units.  For pH =  6.7-7.1,f =  2.1-0.8 ￿  10 -5 and 2fDEGTA/D~,app =  1.4--0.6 
￿  10 -4.  Thus, a maximal value of 4.8 ~M for A[CaEGTA]  (Fig. 15 B) corresponds 
to a  maximal value of 0.7--0.3 nM for A[H+].  Similarly, Eq. B33 can be used to 
show  that  a  maximal  value  of 4.8  I~M  for A[CaEGTA]  corresponds  to  ApH  = 
-0.0015 pH units.  This shows that the changes in pH that are expected to occur 
near a  Ca release site are very small and, consequently, would not be expected to 
influence the site. 
At any value of r, the total flux of Ca is equal to the flux of free Ca plus that of 
CaEGTA.  Under steady state conditions, which applies to this Appendix, the total 
flux is independent of rand equal to ~b. Fig. 15Cshows the fraction of total flux car- 
ried by Ca, fc~, and by CaEGTA, fC~GTA. These fractions have been evaluated from 
the two terms on the right-hand side of Eq. B9, with Eqs. B21 and B22.  They are 
given by 
fCa  =  (1  +r/kca)'ex  p (-r/he,)  (B34) 
and 
fCaEGTA  =  1-  (1  +  r/hc~  )  ￿9 exp(-r/hc~  ).  (B35) 
At the source, all of the flux is carried by Ca.  As the value of r is progressively in- 
creased, more and more Ca has a  chance to be complexed by EGTA so that the 
value offc~ progressively decreases and that OffCaECTA  progressively increases.  At 322  THE JOURNAL OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME 106  ￿9  1995 
r  =  136 nm, the curves cross, indicating that half of the Ca has been captured by 
EGTA. 
This Appendix allows several important conclusions to be made about the steady 
state changes in free [Ca],  [CaEGTA], [EGTA], and [H  +] that are expected to oc- 
cur near a single SR Ca channel in a fiber equilibrated with a large concentration 
of EGTA. First,  the changes in  [Ca],  [CaEGTA],  [EGTA], and  [H  +]  are directly 
proportional to the release flux ~b (Eqs. B21, B22, and B30).  Second, the changes 
in [Ca] are confined to a region within several kca from the release site (Eq. B21). 
In our experiments, the value of ),ca is estimated to be about 80 nm so that the 
changes are expected to be confined to within a few hundred nanometers of a re- 
lease site. Third, the changes in [CaEGTA], [EGTA], and [H  +] are small and negli- 
gible compared with their respective resting values, even next to the release site it- 
self (Eqs. B22 and B30). Fourth, these small changes spread farther away from the 
release site than does the change in free [Ca]. 
APPENDIX  C 
This Appendix gives the derivation of equations that describe the time course of 
the change in free [Ca]  that is expected to develop near an SR Ca channel in a fi- 
ber equilibrated with a large concentration of EGTA. Similar to the approach used 
in Appendix B, an SR Ca channel is assumed to behave as a point source in an infi- 
nite medium of myoplasm. At time zero, the Ca flux through the source undergoes 
a step change from zero to ~b. The analyses given in Neher (1986) and in Appendix B 
show that, in the steady state,  [CaEGTA]  --  [CaEGTA]R and  [EGTA]  ~  [EGTA]R, 
at least for the values of + expected for SR Ca channels. Since the absolute values of 
A[CaEGTA] and A[EGTA] are expected to be maximal in the steady state, these 
approximations are also expected to hold during a transient. Consequently, the re- 
lations  [CaEGTA]  =  [CaEGTA]R and  [EGTA]  =  [EGTA]R have been used in the 
derivation in this appendix. 
Under these conditions,  [Ca]  is expected to obey the partial differential equa- 
tion, 
0[Ca]/Ot  =  Dc~ {O2[Cal/Or  2 + (2/r)O[Ca]/Or} 
-  {k  I [Ca]  [EGTA] R -- k-1 [CaEGTA] R}.  (c1) 
With [Ca]  =  [Ca]R +  A[Ca]  (Eq. BS) and the equilibrium equation, 
k  I [CaEGTA] a 
[Ca]R  =  k  1 [EGTA]R  ' 
Eq. C1 becomes 
(C2) 
0A [Ca]/Ot  =  Dca {O 2 A [Ca]/Or  2 +  (2/r) 0A [Ca]/Or }  -  klA[Ca  ]  [EGTA]R. 
(c3) 
Eq. C3 can be further simplified with the substitution 
y(r,O  =  A[Ca] exp (t/,ca)  (c4) PAPE ET AL, 
to give 
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Oy/Ot  =  Dca {02 y/Or 2 +  (2/r) Oy/Or }.  (c5) 
As described in Appendix A, Xc~ =  (ka[EGTA]R) -1 represents the mean time re- 
quired by EGTA at its resting concentration to complex Ca. 
The Laplace transform of Eq. C5, with the initial condition y(r,O)  =  0, is given by 
p~  =  Dca {d~Vdr2+  (2/r)  d~/dr},  (C6) 
in which p represents the transform variable.  The solution of Eq. C6 that is finite as 
r-~ oo is given by 
=  Aexp (-r p/~-~c~).  (C7) 
The integration constant A can be evaluated from the boundary condition for dy/dr 
as r--~ 0.  This is given by combining Eqs. B4 and C4, 
+exp (t/Xca)  =  -Lira 4~rr2Dca(by/Or).  (C8) 
r--~0 
The Laplace transform of Eq. C8 is given by 
+ 
-  Lim 4~rr2Dc~(dy/dr).  (C9) 
-1  r--*0 
p-  TCa 
The right-hand side of Eq. C9 can be evaluated by differentiation of Eq. C7, 
Lim 4wr~Dca(d~y/dr) =  -4~rDc~A.  (C10) 
Eqs. C7, C9, and C10 can be combined to give 
~b  exp (- r p/~-~-c~  )  (Cll) 
Y  =  4.trncar(p _  "rca-l) 
The inverse transform of Eq. C11, combined with Eq. C4, gives the solution, 
A [Ca]  -  47r~areXPuc (-r/hca)  "F(r, t),  (C12) 
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FIGURE  16.  Theoretical time course of A [Ca] after a step change in 4~ from a single point source in 
an isotropic infinite medium. (A) The curves labeled "No EGTA" and "EGTA" were calculated from 
Eqs.  C14 and C12,  respectively,  at  r  =  81  nm, the value of kc~ with  [EGTA]R  =  18.24  mM.  (B) 
A [Ca]/A [Ca]t= 00 curves without EGTA were calculated from Eq. C14 at different values of r, as indi- 
cated.  (C) A[Ca]/A[Ca]t = ~ curves with EGTA were calculated from Eq. C13 with the same values of 
r used in B and plotted on an expanded time scale. (D) The filled circles show values of r plotted as 
a funcdon of t~n, from curves such as those in C, with EGTA. The thick straight line shows the func- 
tion r  =  (2tcJzca)tl/~.  The thin line shows the function r  =  0.477(41~tln) in. The parameters for 
the calculations are given in the legend of Fig. 15. Additional information is given in Appendix C. PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  325 
The right-hand side of Eq. C12 is equal to the steady state value ofA[Ca]  (Eq. B21) 
multiplied by F(r,t). F(r,t)  gives the  relative time course of A[Ca], starting with a 
value of 0 at t =  0 and approaching unity as t--* 00. 
In the special case in which there is no Ca buffer present,  [EGTA]R =  0, "rca --> 0% 
kc~ --~ 00, and Eq. C12 reduces to 
r  A [Ca]  =  ~  ￿9 erfc(~  )  (C14) 
4"trDcar  ~,  44~c~t ) 
Eq. C14 is essentially the same as Eq. 2 in section 10.4 of Carslaw and Jaeger (1959). 
Application to Diffusion in the Myoplasm near an SR Ca Channel in Muscle 
Fig.  16 A  shows  the  time  course  of A[Ca]  at a  distance  of 81  nm  from a  point 
source, calculated with the same parameters used for Fig. 15; 81 nm is the value of 
kc~ estimated with [EGTA]R =  18.24 mM.  At t =  0 ms, the flux of Ca increases step- 
wise from 0  to (b.  The  curve labeled "EGTA" shows  the values with  [EGTA]R = 
18.24 mM and  [CaEGTA]R =  1.76 mM (Eq. C12).  The curve labeled "No EGTA" 
shows the values with  [EGTA]R =  [CaEGTA]R =  0 mM (Eq. C14).  The two curves 
are initially very similar, as expected because the ability of EGTA to bind Ca is not 
instantaneous but occurs after a delay given by "rc~. After 10-20 p,s, the two curves 
diverge and eventually approach different final levels, as expected from Fig.  15 A. 
The  "No EGTA" curve has a  late slow component that is absent in  the  "EGTA" 
Curve. 
Fig.  16 B  shows  A[Ca]  curves at r  =  50,  200,  500,  and  1,000  nm, as indicated. 
These curves were calculated for "No EGTA" (Eq. C14) and have been normalized 
by h[Ca]t~ so that the relative time courses can be compared.  The time course of 
A [Ca] becomes progressively slower as the value of r is increased. 
Fig. 16 C shows a similar set of curves calculated with EGTA (Eq. C13), plotted on 
an expanded time scale.  As the value of ris increased, the time course of A[Ca]/ 
h[Ca]t=  ~ becomes delayed and slower; that is, the curve is shifted to the right and 
the maximal slope of the rising phase is decreased.  None of the curves has a late 
slow component similar to that observed in Fig.  16 B. Because  the  amplitude  of 
A[Ca]  is negligible for values of r larger than a few hundred  nanometers  (Fig.  15 
A), the curves in Fig.  16 C show that, for all practical purposes, the spread of the 
A[Ca]  signal is essentially complete within 0.1  ms.  This is not surprising since Ap- 
pendix A  shows that EGTA is expected to complex almost all of the  Ca released 
from the SR with a time constant rc~ equal to 22 I~s. 
The filled circles in Fig. 16 D show the value of r plotted as a function of tl/2, the 
time to half steady state.  Interestingly, the points lie close to the sloping straight 
line, determined by r  =  (2)~cJ~c~) t~/~.  The reason for this is that, once t exceeds 
"rc~, the right-hand side of Eq. C13 is dominated by the first erfc function.  In this 
case,  tl/2 corresponds approximately to the  time when the argument of this func- 
tion is zero, which gives r  =  (4DcJ'rc~)l/2tt/2  =  (2kc~/'rc~)t~/2,  the equation for the 
straight line in Fig.  16 D.  Thus, after a step change in ~b in the presence of EGTA, 
the  A[Ca]  waveform appears to move with an approximately constant velocity of 
2~,c~/'rc.  As it does so, its amplitude is attenuated  (Fig.  15 A)  and its normalized 326  THE JOURNAL OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME 106  ￿9  1995 
rate of change spreads out (Fig.  16 C).  With our standard set of parameters, the 
value of 2kcJ'rca is equal to 7.4 ~m/ms. 
The thin curved line in Fig.  16 D  shows the relation between r and t~/~ that ap- 
plies  to changes  in  [Ca]  without EGTA, Eq.  C14;  it was  calculated from erfc(r/ 
)  =  0.5, which gives r  =  0.477(4Dcata/~) 1/2. The filled circles lie above the 
thin  line,  showing  that  the  presence  of EGTA decreases  the  time  required  for 
A[Ca]  to reach its steady state value. This conclusion is exactly opposite to that 
reached by Simon and Llinfis (1985) who concluded on page 491  that "the pres- 
ence of a buffer will increase the time period for the substance to reach its steady 
state". The reason is that the equations used by Simon and Llin~ (1985) apply to 
the situation in which the Ca buffer is immobile and the concentration of bound 
Ca at any time is directly proportional to the concentration of free Ca, a situation 
that does not reliably describe the properties of Ca buffering by freely diffusible 
buffers such as EGTA. 
The main conclusion of this Appendix is that, near an SR Ca channel in a fiber 
equilibrated with 20 mM EGTA, changes in free  [Ca]  are expected to occur rap- 
idly, within 0.1  ms, at all distances where the changes are of consequence. Since 
this delay is much shorter than the duration of SR Ca release, which lasts at least a 
few milliseconds, the relative time course of changes in free [Ca] everywhere in the 
myoplasm can be approximated by the time course of SR Ca release itself. This con- 
clusion applies to a single SR release site, as considered in this Appendix, as well as 
to many sites, as follows from the principle of superposition. 
APPENDIX  D 
The aim of this Appendix is to estimate the steady state profile of free A[Ca] that is 
produced by SR Ca release inside  a  single idealized frog myofibril. For this pur- 
pose, the shape of a myofibril is represented by a cylinder of radius a and length 2l, 
the distance between two adjacent Z-bands. The radial and longitudinal distances 
are represented by rand z, respectively, with z =  0 and 2/corresponding to the loca- 
tions of the two Z-bands. The movement of Ca from the SR into the myofibril is 
represented by ring sources at the two Z-bands. The flux of Ca is assumed to occur 
uniformly along the source rather than at discrete release sites.  This assumption 
seems reasonable if the distance between the release sites is small compared with 
the value of kc~. This is approximately the case under the conditions of the experi- 
ments reported here with large rates of SR Ca release because, as mentioned above, 
the value of kc~ is estimated to be about 80 nm whereas the spacing between adja- 
cent "foot" structures that contain the SR Ca channels is about 30 nm  (Franzini- 
Armstrong, 1975; Block et al., 1988).  Radial symmetry is assumed. 
Because of symmetry with other myofibrils, it is assumed that there is no flux of 
Ca into or out of the myofibril except at the two ring sources. Furthermore, be- 
cause of symmetry within a single myofibril, it is assumed that there is no longitudi- 
nal flux of Ca midway between the two Z-bands, at z =  /. Consequently, a single half 
myofibril can be represented by a cyclinder of radius a and length l, with no flux of 
Ca across its boundaries except for a ring source of radius a at z =  O. 
In this situation, the concentration of Ca would be expected to increase indefi- 
nitely after release is started so that a steady state profile would never be attained. PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  327 
One way to  avoid this  difficulty is  to assume that the values of [CaEGTA]  and 
[EGTA]  are  maintained  constant  at  their  prestimulus  values,  [CaEGTA]R  and 
[EGTA]R,  respectively.  This  assumption  seems  reasonable,  at  least  for  small 
amounts of Ca release, since, in the case of a single SR Ca channel, the absolute val- 
ues of A[CaEGTA]  and A[EGTA]  are expected to be extremely small compared 
with [CaEGTA]R and [EGTA]R (Neher, 1986; Appendix B). 
The steady state equation that describes the spatial variation of [Ca] under these 
conditions is given by 
Dc~ { d 2 [Ca] ~dr2+  (l/r)  d[Ca]/dr+  d 2 [Ca]/dz  s } 
--  {  k 1 [Ca]  [EGTA] R -- k_] [CaEGTA] R }  =  0.  (D1) 
Eq. D1 can be combined with Eqs. B5 and C2 to give 
Dca {d2A [Ca] ~dr2+  (l/r) dA [Ca]/dr+  d2A [Ca]/dz  2 } 
-klA [Ca]  [EGTA]R  =  0.  (D2) 
The general solution of Eq. D2, obtained by the method of separation of variables, 
is given by 
oo 
A [Ca]  =  Z  AnJo(~  cosh (a/l/boa  2 +  Otn  2 [Z --  l]),  (D3) 
n=0 
in which the values of or, satisfy the equation 
J1 (etna)  =  0.  (D4) 
J0 and J1 represent Bessel's functions of order zero and one, respectively. 
The boundary condition that dA [Ca]/dr =  0 at r =  a is satisfied by dd0 (Ctnr)/dr = 
-Jl(ot=r)/tz= and Eq. D4.  The boundary condition that dA[Ca]/dz =  0 at z =  /is 
satisfied by the cosh terms, since dcosh (~/1/kca  2 +  0%  ~ [z -  l]  )/dz =  0  at z =  l 
The other boundary condition, at z =  0,  is that dA[Ca]/dz =  0  except at r  =  a 
where a total Ca flux of~b is introduced into the half myofibril.  The values of A. in 
Eq. D3 are determined by this boundary condition, which can be represented by 
6  8(r- a),  (D5)  (dA [Ca]/dz), = o  =  -2~r aDc ~ 
in which ~b represents the Ca flux into the half myofibril and 8 represents the Dirac 
delta function. 
Differentiation of Eq. D3 yields an expression for (dA[Ca]/dz)z = 0 that can be 
equated with the fight-hand side of Eq. D5.  The value of An, obtained by multipli- 
cation by rJo(anr)drand integration from 0 to a, is 
d#  (D6) 
An  =  2  ~]1  2  2  sinh(~/1/hCa~ +Otn2/)  Ira DcaJ0(0%a)  /hca  +  ot  n 328  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  106  ￿9  1995 
Eqs. D3 and D6 can be combined to give the desired solution 
o~  2+  2 
J0 (a.r) cosh (J1/hc~  Gt.  n  [z -  l ]  ) 
A[Ca]  =  ~  2  ....  2+"'~  ....  ~  2  (D7)  ~ral)can=OJo(Otnal~[l/hCa  ot n  sinh(~l/hca  +Otn  /) 
The mean value of A [Ca] at z, weighted according to area in the r direction, is de- 
noted by A([Ca]), 
a 
F 
A<[Ca])  =  1  J  2  2~rr A [Ca] dr.  (D8) 
"ffa  o 
The right-hand side of Eq. D8 can be evaluated by integration of the right-hand 
side of Eq. D7 term by term.  Because  frJo (otnr) dr  is equal to rJl(a,r)/OLn,  the 
value of the integral from r =  0 to a is equal to zero for n >  0.  Consequently, the 
only term on the right-hand side of Eq. D7 that contributes to A([Ca]) is the first 
term, with or0 =  0.  Consequently, 
z-l 
cosh 
6hca  hca 
A( [Ca] )  =  2  "  ~  (D9) 
'Ira Dca  sinh hc  ~ 
Eq. D9 represents the solution of the equation for diffusion plus binding in only 
one spatial dimension, z. 
The spatially averaged value of A [Ca] in the half sarcomere of length lis denoted 
by a[Ca], 
l 
1  + 
=  ￿9  (Dll) 
k  I [EGTA] R  "rra21 
Eq. Dll is essentially the same as Eq. A10.  This follows because [EGTA] is assumed 
to equal  [EGTA] R in this Appendix and because A[Ca]  and d~/'tra2l (the flux per 
unit volume) in Eq. D11 are analogous to A [Ca] and dA [CaEGTA]/dt, respectively, 
in Eq. A10.  The equivalence of Eqs. Dll  and A10 is consistent with the idea that 
the analysis in Appendix A, which uses spatially averaged changes in free [Ca], ap- 
plies to myofibrils in which gradients of [Ca] are expected to occur. 
Eqs. D9 and D11 can be combined to give 
[~c. coshZ-  l ] 
A([Ca])  =  A[Ca--'--]  l  .  hCa  .  (D12) 
sinh ---/ 
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Since l >> ~'c~, Eq. D12 is given to an excellent approximation by 
A ( [ Ca] ) ~- A [ ea] ( k~ . exp (-z/hca) ) "  (D13) 
This shows that the value of A([Ca]) decreases exponentially with distance from the 
Z-band and has a maximal value at z =  0 equal to A[Ca] (//kca). 
Application to Profiles of A[Ca] in an Idealized Myofibril 
Fig. 17 A shows loci of rand z that are associated with different steady state values of 
A [Ca]  (indicated in units of micromolar) in an idealized myofibril that contains 20 
mM EGTA.  The values of A [Ca] were calculated from Eq. D7.  r represents the dis- 
tance in the radial direction from the longitudinal axis of the idealized cylindrical 
myofibril.  It can vary between 0 and a, the radius of the myofibril; in this example, 
a  =  500 nm, the radius of a typical myofibril (Peachey, 1965). z represents the dis- 
tance in the longitudinal direction from the Z-band, which can vary between 0 and 
haft the sarcomere length,  l.  In this example, l =  1,800 nm; this corresponds to a 
sarcomere length of 3.6 ~tm, which is typical of the fibers used in our experiments. 
The value old# corresponds to a spatially averaged rate of SR Ca release of 140 IxM/ 
ms, similar to the mean peak value obtained in our experiments with action-poten- 
tial stimulation  (column 7 of Table II). 
The equation used to calculate A[Ca] in Fig. 17 A, Eq. D7, was derived for steady 
state conditions and has the property that the value of A[Ca] anywhere in the myo- 
fibril is expected to be directly proportional to the rate of SR Ca release, qb.  Appen- 
dix C shows that A[Ca]  tracks ~b with a delay that increases with distance from the 
source.  At distances at which the values of A[Ca]  are of any consequence, this de- 
lay is <0.1 ms.  Since this delay is short compared with the time course of SR Ca re- 
lease, the steady state relation between A[Ca] and ~b, Eq. D7, is expected to provide 
a good approximation of A [Ca] at any time during SR Ca release. 
Each of the loci in Fig. 17 A extends from the horizontal axis at r =  500 nm to ei- 
ther the vertical axis at z =  0 nm or the horizontal axis at r =  0 nm.  The direction 
of approach to each boundary is perpendicular, as expected since there is no flux 
of Ca across the boundaries of the idealized half myofibril.  The values of A [Ca] be- 
come progressively larger as the ring source at r =  500 nm, z =  0 nm is approached. 
Near the source, the value of A [Ca]  depends only on distance from the ring and 
not on the direction along the  r or z axes.  This is illustrated by the curves associ- 
ated with A[Ca]  =  100 and 30 ~M being nearly perfect quarter circles.  As the ring 
source is approached, the value of A [Ca] becomes progressively larger and exceeds 
100  Is.M at distances  <55 nm from the ring.  Thus, EGTA does not prevent large 
values of A [Ca] from occurring near the ring source. 
In Fig. 17 A, the value of A [Ca] progressively decreases away from the ring source 
and is 10 I~M at ~200 nm and 1 v.M at 372--468 nm, with the exact value depending 
on direction.  At larger distances from the ring source, as A [Ca] decreases further, 
the loci of constant A [Ca] become progressively more vertical in the figure, indicat- 
ing a reduction in the radial gradient of A [Ca]. 
The loci in Fig.  17 A can be transformed into loci of different steady state values 330  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  106  ￿9  1995 
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FIGURE  17.  Loci of r and z associated with different steady state values of A[Ca]  (A, indicated in 
units  of micromolar)  and  A[CaTrop]/[Trop]R  (B),  and  different quasi-steady  state values  of 
A [CaParv]/[Parv] R (C) in a idealized myofibril containing 20 mM EGTA. Ca release from the SR is 
represented by a ring source at the Z-band. A[Ca] was calculated from Eq. DT.  (A) A [Ca]. The mean 
value of A[Ca], denoted by A[ca] in Appendix D, is 3.07 ~M. (B) A[CaTrop]/[Trop]R. The curves 
were calculated with a value of 2 ~M for the KD of the Ca-regulatory sites on troponin.  The value of 
[caTrop] z/[Trop]R, 0.027, was calculated from [Ca] g =  0.054 ~.M. The mean value of A [CaTrop]/ 
[Trop]a from z =  0 to 1,025 rim, which is taken to represent the spatial distribution of troponin, is 
0.253. (C) A [CaParv] /  [Parv] R.  The curves were calculated with a value of 0.004 gM for the KD of Ca 
binding to the Ca,Mg sites on parvalbumin. The value of [CaParv]lff[Parv]~, 13.5, was calculated 
from [Ca]g =  0.054 gM. Because diffusion of parvalbumin and changes in [MgParv] are expected to 
occur slowly, they were neglected in the calculations so that the curves would describe the extent of 
Ca complexation by parvalbumin immediately after a brief period of Ca release.  The mean value of 
A[CaParv]/[Parv]R calculated in this manner is 0.314.  See Appendix D for additional information. PAPE ET AL.  Ca Release in Cut Fibers Equilibrated with EGTA  331 
of Ca complexation by the Ca-regulatory sites on troponin. Troponin is assumed to 
be immobile and to be distributed along the thin filaments. The concentrations of 
Ca-bound and Ca-free sites on troponin, denoted by [CaTrop] and [Trop], respec- 
tively, are assumed to be related to the value of free [Ca]  by the usual 1:1 binding 
equation, similar to the first term on the right-hand side of Eq. AS, with KD =  2 ~M 
(Baylor et al., 1983).  The resting value of [CaTrop]/[Trop], [CaTrop]R/[Trop]R, 
was calculated from [Ca]R =  0.054 ~M (from the experiment in Fig. 11) to be 0.027. 
The loci in Fig. 17 B are associated with different values of A[CaTrop]/[Trop]s, 
as indicated; A[CaTrop]/[Trop]R, which does not depend on the total concentra- 
tion of troponin, represents the fraction of Ca-free sites that were available at rest 
that become complexed by Ca. The z axis extends to only 1,025 nm, which is half 
the length of thin filaments in frog muscle  (Page and Huxley, 1963).  It is clear 
from the figure that, in the steady state, almost all of the Ca that is bound to the Ca- 
regulatory sites on troponin lies within the region z ~< 500 nm. 
Fig.  17 C shows quasi-steady state loci associated with different values of A[CaParv]/ 
[Parv]R. [Parv],  [CaParv], and  [MgParv] are used to denote, respectively, the con- 
centrations of free, Ca-bound, and Mg-bound Ca,Mg sites on parvalbumin, and A 
and R have their usual meaning. In the steady state, the values of [Parv], [CaParv], 
and [MgParv] depend on [Ca] and [Mg]. Immediately after a brief period of Ca re- 
lease from the SR, however, such as that elicited by an action potential, there is lit- 
tle change in the value of [MgParv]. In this situation, the value of [CaParv]/[Parv] R 
can be estimated from the 1:1 binding equation for Ca, similar to the first term on 
the right-hand side ofEq. A8, with KD =  0.004 ~M (Baylor et al., 1983).  The quasi- 
steady state loci in Fig. 17 C were estimated from these values of [CaParv]/[Parv]R 
after subtraction  of the  value  of  [CaParv]R/[Parv]R,  13.5,  which  was  calculated 
from [Ca]R =  0.054 ~M.  Since the calculation applies to changes produced within 
a  few milliseconds after an action potential, parvalbumin was assumed to be im- 
mobile. 
The calculated values of A [Ca], A [CaTrop] /  [Trop]  R, and A [CaParv] /  [Parv] R in 
Fig. 17 can be weighted according to volume (that is, multiplied by 2~rrdrdz), inte- 
grated along the r and z axes, and divided by the appropriate total volume (~a2Z 
with Z -  l =  1,800 nm in A and C and Z =  1,025 nm in B) to give the correspond- 
ing mean values.  The mean steady state value of A[Ca] from z =  0 to 1,800 nm that 
was obtained in this manner is 3.07 ~M, which is the same as that obtained directly 
from Eq. D11 or Eq. A10.  The mean steady state value of A [Ca] adjacent to tropo- 
nin, from z =  0 to 1,025 nm, is 5.39 p~M. This value is essentially equal to (1,800/ 
1,025) times the mean value from z =  0 to 1,800, since the value of A [Ca] is negligi- 
bly small for z >  1,025 nm.  The mean steady state values of A[CaTrop]/[Trop]s 
and A[CaParv]/[Parv]R are 0.253 and 0.314, respectively; these estimates depend 
implicitly on the assumption  that troponin and parvalbumin are distributed uni- 
formly along the thin filament and the entire myofibril, respectively. 
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